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ABSTRACT 
Transport in nanostructured materials is of great interest for scientists in various 
fields, including molecular sequestration, catalysis, artificial photosynthesis and energy 
storage. This thesis will present work on the transport of molecular and ionic species in 
mesoporous materials (materials with pore sizes between 2 and 50 nm). Initially, 
discussion will focus on the synthesis of mesoporous ZnS nanorattles and the size 
selected mass transport of small molecules through the mesopores. Discussion will then 
shift of exploration of cation exchange and electroless plating of metals to alter the 
mesoporous hollow sphere (MHS) materials and properties. The focus of discussion will 
then shift to the transport of ions into and out of a hierarchically structured gold 
electrode. Finally, a model λ-bactiophage was developed to study the electromigration of 
charged molecules into and out of a confined geometry.  
A catalytically active biomolecular species was encapsulated within the central 
cavity of ZnS MHS. Both the activity of the encapsulated enzyme and the size-selective 
transport through the wall of the MHS were verified through the use of a common 
fluorogen, hydrogen peroxide, and sodium azide. Additionally, the protection of the 
enzyme was shown through size-selected blocking of a protease. The mesoporous hollow 
sphere system introduces size-selectivity to catalyzed chemical reactions; future work 
may include variations in pore sizes, and pore wall chemical functionalization. 
The pore size in ZnS mesoporous hollow spheres is controlled between 2.5 and 
4.1 nm through swelling of the lyotropic liquid crystal template. The incorporation of a 
swelling agent is shown to linearly vary the hexagonal lyotropic liquid crystalline phase, 
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which templates the mesopores, while allowing the high fidelity synthesis of mesoporous 
hollow spheres. Fluorescnently labeled ssDNA was utilized as a probe to explore the 
change in mesopore permeability afforded by the swollen template relative to the 
unswollen template.  
 Electroless plating and cation exchange were explored as methods to vary the 
shell material of MHS. Mesoporous Ni MHS were obtained by the reduction of Ni2+ with 
dimethylamine borane onto a CML latex core. However, the resultant MHS were 
damaged due to core swelling during etch. To successfully obtain undeformed MHS, a 
silica core must be utilized; one possible route to explore, in order to reach this goal, is 
the surface chemistry/ligand effects on Ni2+.  Cation exchange was performed in order to 
obtain CuS MHS; however, it proved an unsuccessful route to PbS, S and HgS. CdS-ZnS, 
Bi2S3 and Ag2S MHS were obtained only with significant defects.  
A novel hierarchically structured material, porous opal, was prepared using a 
colloidal crystal template and the dealloying of silver from gold and possed porosity on 
length scales range from 10s of nanometers (due to the colloidal crystal template) down 
to ca. 10 nm (due to dealloying). The transport properties of the material were studied 
using cyclic voltammetry and electrochemical impedance spectroscopy. The porous opal 
was found to posses enhanced charge transport properties relative to a unimodal porous 
gold film and a higher surface area than a gold opal. An equivalent circuit model was 
presented to explain the enhanced charge transport properties. 
 A biomimetic system for studying the translocation of polymers through a 
channel and into a spherical cavity was developed based on inspiration from the λ-
bacteriophage. The nanocavity system was synthesized using two template length scales: 
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250 nm and 1.2 µm. Fabrication challenges that arose when using 1.2 µm colloidal 
templates were addressed, and the system was optimized for confinement studies of 
plasmid dsDNA.  
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CHAPTER 1 
INTRODUCTION 
 
Portions of this chapter were published as:  
D.V. Gough, A.T. Juhl and P.V. Braun, Programming Structure into 3D 
Nanomaterials. Materials Today (2009) 12, 28-35 
 
1.1 Introduction 
Nanostructured, and in particular mesoporous materials have attracted 
considerable interest for numerous applications, including catalysis [1], drug delivery [2], 
energy storage [3-5] and molecular sieves [6, 7], because their characteristic pore size can 
be defined over a size range similar to many macromolecules, they have a high surface to 
volume ratio and the pores can be chemically functionalized to modify their properities 
[2]. One of the first approaches to forming nanostructured materials was based on the 
dealloying of a less noble metal from a bimetallic alloy. This was first shown by M. 
Raney in the 1920s with the discovery of Raney Ni [8] and the dealloying process has 
since been expanded to include systems such as Ag-Au [9] and Ni-Zn [10]. The 
dealloying concept is a useful strategy for creating nanostructured materials, however, it 
offers only limited control over pore size and geometry and the resultant pore structure is 
disordered. Recently, there has been considerable progress in programming the self-
assembled structure of block copolymers [11, 12] and lyotropic liquid crystals [13-15], 
resulting in organic templates, which can now be used to direct the formation of 
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nanostructured materials including ceramics, metals, semiconductors and polymers with 
long-range order and characteristic length scales ranging from a few to 100s of 
nanometers. 
1.2 Nanostructure on different length scales 
1.2.1 Mesoporous materials 
Mesoporous materials possess pores with diameters between 2 and 50 nm. 
Lyotropic liquid crystal templating is the term typically used when a self-assembled 
surfactant based structure, Figure 1.1, as compared to a structure formed by a block 
copolymer, is used to impart a nanoscale periodic structure, typically with characteristic 
dimensions of 1-10 nm, into a second material phase. It is an attractive route for the 
synthesis of mesoporous materials due to its demonstrated potential to directly provide 
sub-nanometer control of the pore diameter and packing within a broad range of possible 
materials [16]. Lyotropic liquid crystal templating takes advantage of a self-assembled 
structure formed by a mixture of small molecule amphiphiles and a solvent, typically 
water, to control the formation of an inorganic phase within the hydrophilic region of the 
liquid crystal, Figure 1.1 and 1.2. The resultant nanostructure is determined by the small 
molecule amphiphile, the ratio of solvent to amphiphile, and temperature; considerable 
information is known about the phase diagrams of various amphiphile-solvent systems 
[13-15, 17, 18], greatly simplifying the selection of components. Since the pioneering 
work by researchers at Mobile, who first synthesized well ordered, mesoporous SiO2 [6, 
19, 20] using lyotropic liquid crystal templating, a wide variety of mesoporous materials 
have been synthesized in lyotropic liquid crystals, including metals (e.g., Pt [21] and Pd 
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[22]), metal alloys (e.g., Pt-Ru [23] and Pt-Ni [23]), oxides (e.g., SiO2 [24, 25], TiO2 [24], 
NbO2 [24]) and semiconductors (e.g., ZnS [26], CdS [26-28], CdTe [27]).  
 
Figure 1.1: (a) Schematic of an amphiphilic molecule and a schematic phase diagram for 
a mixture of water and amphiphile. TEM images of CdS templated by: (b) an array of bcc 
arranged micelles; (c) a hexagonal columnar phase; (d) lamellar phase. (Adapted from 
[29]) 
 
 
Figure 1.2: A TEM image of CdS containing one unit cell of hexagonally arrayed 
mesopores, highlighted by red circles. Upper left: an overlay of the self-assembled 
surfactant structure showing the hydrophobic domain (red) forming a pore and the 
hydrophilic domain (blue) containing the mineralized CdS. (Adapted from [28]) 
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Further functionality has been programmed into mesoporous materials by 
wrapping them around a secondary template to form mesporous hollow spheres. These 
mesoporous spheres have been formed in a variety of materials, including silica [30], 
aluminosilicates [31], sulfides [32-34] and organic-inorganic composites [35, 36]. Such 
mesoporous hollow spheres are interesting for applications including catalysis, selective 
transport [32] and drug delivery [37]. Previously, for example, we presented a “Double 
Direct Templating” [32-34] approach to synthesize ZnS mesoporous hollow spheres 
(MHS) by combining lyotropic liquid crystal templating with a secondary, sacrificial 
colloid template. ZnS was heterogeneously nucleated onto a sacrificial core colloid 
within the hydrophilic regions of a hexagonal lyotropic liquid crystal, Figure 1.3. 
Removal of the sacrificial core by solvent etching results in a periodically mesostructured 
ZnS hollow sphere, Figure 1.4, with the diameter controlled by the size of the core 
colloid. Gold nanoparticle containing ZnS “nanorattles” were formed by encapsulation of 
gold nanoparticles within the sacrificial colloidal cores followed by the subsequent 
mineralization of mesoporous ZnS onto this sacrificial core, Figure 1.4. For successful 
MHS formation, the interaction between the surface of the core template and both the 
lyotropic liquid crystal template and the shell precursors is crucial. Only with specific 
core particle surface chemistries were ZnS MHS formed [34]. It was found that 
carboxylic acid groups on the surface of the core colloids promote the high-fidelity 
formation of the mesoporous ZnS shells, presumably due to a combination of metal ion 
complexation and favorable interfacial interactions between the carboxylic acid groups 
and the lyotropic liquid crystal [34].  
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Figure 1.3: Schematic portraying the mineralization of mesoporous ZnS onto a sacrificial 
silica or polystyrene core. Sacrificial core colloids are dispersed in a lyotropic liquid 
crystal with zinc acetate and thioacetamide and aged to mineralize ZnS. After washing 
away the lyotropic liquid crystal and core etching, a mesoporous hollow sphere is 
obtained. (Reprinted from [33]) 
 
 
Figure 1.4: TEM images of ZnS mesoporous hollow spheres (MHS) after sacrificial core 
etching: (a) a damaged MHS after sacrificial core etching; (b) a higher magnification 
image and FFT of the boxed region in (a); (c) a MHS nanocontainer containing gold 
nanoparticles; (d) a higher magnification image of the boxed region in (c). (Reprinted 
from [33]) 
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3D block copolymer templating takes advantage of phases formed by self-
assembly of large macromolecules to direct the formation of inorganic phases over a 
broad range of sizes. Rich block copolymer phase behaviors have been observed 
experimentally [11, 12] and theoretically [11, 12, 38-40] and these phases have been used 
to template a wide variety of structures into both organic and inorganic materials, 
including oxide [4, 41-43] and carbon [44] monoliths as well as semiconducting [45-47], 
metallic [3] and oxide [48] nanoparticles. Applications suggested to take advantage of 
inorganic structures templated by block copolymers include fuel cell membranes [3], 
battery electrodes [49] and novel optical devices [50, 51]. Two common pathways to 
program the structure of mesostructured materials using block copolymers are the 
isolation of the inorganic precursors within one phase of the block copolymer structure 
followed by conversion of these precursors to the desired mineral, and the assembly of 
appropriately functionalized nanoparticles within one phase of the block copolymer 
structure. For example, mesostructured TiO2 and NbO2 were formed by casting a block 
copolymer film from a solution of mineral precursors and the block copolymer. After 
heat treatment, well ordered, crystalline metal oxide films were obtained [4]. In another 
example, the formation of mesostructured platinum starting from a high volume fraction 
of platinum nanoparticles within a block copolymer composite was recently demonstrated 
[3]. In this work, platinum nanoparticles, functionalized such that they were soluble in 
organic solvents and in one block domain of the block copolymer structure, and a block 
copolymer were dissolved in an organic solvent. Upon solvent evaporation, the block 
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copolymer directed the assembly of the platinum nanoparticles into a mesoporous 
structure and the block copolymer was removed or converted to carbon, Figure 1.5.  
 
 
Figure 1.5: Transmission electron microscope (TEM) images: (a) low magnification 
image of the inverse hexagonal block copolymer structure containing platinum 
nanoparticles; (b) high magnification image and electron diffraction pattern of (a); (c) 
mesoporous Pt-C nanocomposite obtained from pyrolysis of (a); (d) mesoporous Pt after 
removal of the carbon. (Adapted from [3]) 
 
Although not central to this work given the low degree of “programming” 
currently possible via emulsion templating, it is worth including a short discussion of this 
approach. Emulsions, surfactant-stabilized colloidal mixtures of immiscible liquids, have 
been used for a number of years in the synthesis of nanostructured materials. This 
approach has found utility in controlling the size and morphology of both organic and 
inorganic materials into an assortment of nanostructures, including spheres, rods, flat 
sheets [52] and porous solids [53-56]. For example, platinum nanowire networks (ca. 2 
nm diameter) were synthesized by the reduction of a platinum salt in the presence of 
worm-like micelle networks formed by cetyl trimethylammonium bromide (CTAB) in 
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water and chloroform [57]. It was observed that the nanostructure of Pt could be varied 
from nanowires protruding from ca. 5-10 nm Pt nanoparticles to hyperbranched Pt 
nanowire networks as a function of stirring rate. Another interesting route makes use of 
emulsion systems to fabricate ordered and disordered porous materials [53-56, 58]. In a 
typical example, this synthetic approach utilizes emulsion droplets to create spherical 
pores in a continuous phase. For example, gelling a solution that contains a titanium 
alkoxide mixed with emulsified oil forms porous TiO2. Following a heat treatment step, a 
porous, inorganic TiO2 phase is formed [58].  
 
1.2.2 Macroporous materials 
Macroporous materials possess pores larger than 50 nm in diameter. A common 
approach to attain these materials is the use of periodic templates such as colloidal 
crystals or lithographically defined templates. Colloidal crystals or opals have attracted 
significant scientific interest in recent years due to their optical properties, which is 
commonly observed as opalescence. Sedimentation [59], evaporative deposition [60], dip 
coating [61] and spin coating [62] have all been employed to fabricate colloidal crystals. 
Figure 1.6 shows a schematic of evaporative deposition of a colloidal crystal and SEM 
image of the resultant structure. These structures can be deposited using silica, 
poly(styrene) [63], and poly(methyl methacrylate) colloids [64]. A number of unique 
optical interference approaches have been applied to program the structure of 3D solids 
with ever increasing complexity over periodic length scales ranging from 10s of 
nanometers to micrometers. Interference lithography is the interaction between two or 
more coherent light sources to create spatially periodic regions of high and low light 
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intensity within a photosensitive media. The periodicity is related to the wavelength of 
the light source and refractive index of the photosensitive media, placing some limits on 
the minimum and maximum possible characteristic dimensions, but improvements in 
lasers, photosensitive media and new design tools are increasing the number of possible 
structures [65-68]. Figure 1.7 shows examples of the various structures attainable using 
the interference of light in photosensitive materials. 
 
Figure 1.6: (a) Scheme showing evaporative deposition of colloids onto a substrate; (b) 
SEM image of a colloidal crystal (adapted from [60]).  
 
 
Figure 1.7: Various nanostructures created by maskless proximity field nanopatterning 
with PMSSQ based photoresist: (a-c) 3D periodic structures; (d) fibers; (e, f) semi-
periodic 3D arrays; (g) ellipsoids; (h) cuboids. (Adapted from [69]) 
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Inversion of 3D periodic structures to various materials was explored due to the 
emergence of photonic band gaps, a range of energies where propagation of photons is 
prohibited, which can be controlled experimentally by materials selection and colloid size 
[70], with applications ranging from solar energy conversion to optical computing. Many 
approaches were explored as routes to invert colloidal crystals, including chemical vapor 
deposition (CVD), nanoparticle infilling, sol-gel infilling and electrodeposition. CVD 
was used to fabricate inverse opals of silicon [71], germanium [72], and titania [73]. The 
conformal growth of the deposited material leads to pinch-off of voids within the 
resultant structure. Nanoparticle infilling is a versatile approach to fill the void space of 
an opal with particles dispersed in a solvent that wets the colloids [74, 75]. Figure 1.8 
shows a poly(styrene) opal before and after Ge nanoparticle infilling. However, this 
approach leads to a lower density inverse opal structure due to the packing of 
nanoparticles. Sol-gel infilling allows the conversion of the opal template to an oxide 
inverse opal; however, shrinkage is a common side effect, which results in cracking. 
Finally, electrodeposition can be used to create metallic [76] or semiconducting inverse 
opals [77].  This deposition technique has proven to be very valuable because it allows 
simple control of inverse opal thickness through monitoring of current used to deposit the 
metal or semiconductor. Figure 1.9 shows a schematic of Ni electrodeposition into a 
colloidal crystal and the resultant structure.  
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Figure 1.8: (a) Poly(styrene) opal before (left) and after (right) Ge nanoparticle 
infiltration. (b) Ge/polymer inverse opal after removal of the poly(styrene) opal. 
(Adapted from [75]) 
 
 
 
Figure 1.9: (a) Electroplating schematic: a counter electrode (left) is placed into a plating 
solution opposite the colloidal crystal template; running a current through the template 
deposits the material. (b) Cross sectional SEM image of a Ni inverse structure obtained 
after removal of the poly(styrene) opal template in tetrahydrofuran. (Adapted from [76]) 
 
1.3 Polymer probes for nanostructured materials 
 The permeability of membranes or porous materials is a scientifically interesting 
problem with implications in biology, disease treatment, drug delivery, filtering, etc. The 
pore or channel diameter is an important material or device parameter to consider; 
however, there are many other factors that must be considered in a permeation 
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experiment. The natures of the probe and solution conditions affect the energy cost of 
confinement within the pore. For example, the use of a polyelectrolyte as a probe is 
subject to charge screening concerns, which affect the polymer physics, discussed in 
Section 1.3.2.  
Poly(ethylene oxide) (PEO) was used to characterize the change in permeability 
between the open and closed states of α-toxin channels from Staphylococcus aureus [78]. 
The permeation of PEO was measured using ionic conductance through the pore; a drop 
in conductance was interpreted as PEO occupying and ultimately passing through the 
pore. If the PEO was too large to permeate the pore, no change in ionic conductance was 
observed. A greater than 10-fold increase in ionic conductance was observed in the open 
state over the closed state, while the change in pore size is less than 2-fold [78]. This 
resulted in an order of magnitude change in the molecular weight of permeable probe 
molecules exploring the two states of the channels, Figure 1.10. 
 
 
Figure 1.10: Plot showing the permeability as a function of poly(ethylene oxide) 
molecular weight for the closed (filled triangles) and open α-toxin channels (open 
triangles). (Adapted from [78]) 
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DNA probes are commonly used because of their relevance to biological systems, 
such as viruses, well-understood physics and the monodisperse nature of the molecules. 
Additionally, there is significant interest in using DNA permeation through nanopores for 
gene sequencing [79] and enhanced electrophoresis [80, 81]. DNA interaction has been 
studied in a variety of systems both experimentally [80-86] and computationally [87-90]. 
For example, ssDNA was used as a probe to study the permeability of layer-by-layer 
deposited polyelectrolyte shells with a molecular beacon fluorescence reporter anchored 
within the shell core [84, 91]. A schematic of the system is shown in Figure 1.11. It was 
found that the shells allowed the passage of shorter length ssDNA, while long chains 
were excluded from the core, Figure 1.11.  
 
 
Figure 1.11: (a) A porous silica colloid is functionalized with molecular beacons and 
subsequently coated with a polyelectrolyte multilayer. Upon exposure to and permeation 
of ssDNA probes, which complement the molecular beacons, the molecular beacon is 
opened to its fluorescent state. (b) Change in particle fluorescence, or target permeability, 
with DNA target size for shells of (A) 3 layers, (B) 5 layers, (C) 7 layers, (D) 9 layers and 
(E) 13 layers. (Adapted from [84, 91]) 
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1.3.1 Polymer physical chemistry basics 
Polymers are comprised of monomers, which are covalently bonded together to 
form long chains. Appropriately, the word polymer breaks down to mean “many parts.” 
Figure 1.12 shows the chemical structure of a vinyl monomer and polymer resulting from 
covalently attaching the monomers together. Important parameters to consider include the 
degree of polymerization (n), monomer molecular weight (Mmon) and polymer molecular 
weight (Mpoly). The polymer molecular weight is defined as: 
Mpoly = nMmon 
 
 
Figure 1.12: Schematic showing the polymerization of a vinyl monomer. If R is 
hydrogen, the monomer and polymer are ethylene and poly(ethylene), respectively. 
(Adapted from [92]) 
 
The reason polymer molecules are flexible is the variation of the torsion angle 
along the backbone. The torsion angle is defined in Figure 1.13a, or, more simply, it 
describes the rotation of a bond along the polymer backbone with respect to the previous 
bond. The trans angle is defined as 0
o
, while the gauche-plus and gauche-minus angles 
are +120
o
. The energy landscape for the trans, Figure 1.13b, and gauche, Figure 1.13c, 
torsion angles is presented in Figure 1.14.  
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Figure 1.13: Illustrations showing (a) the torsion angle in a polymer, (b) the trans state of 
a polymer and (c) the gauche state of a polymer. (Adapted from [92]) 
 
 
 
Figure 1.14: A plot of the energy of different torsional arrangements of a polymer 
molecule. (Adapted from [92]) 
 
Since a polymer molecule contains many backbone bonds, there are a tremendous 
number of conformations the molecule can assume, which leads to several ways to 
describe the size of a polymer molecule. Two of common descriptions of the size of a 
polymer molecule are the contour length and the end-to-end distance. The contour length 
is the largest end-to-end distance of a polymer molecule and is simply the number of 
bonds projected along the backbone of a polymer molecule multiplied by the bond length. 
Polymer chains are typically characterized by a vectoral end-to-end distance, which is 
 
 
16 
given mathematically as the sum of all bond vectors along the backbone of a polymer 
molecule [92].  
 
1.3.2 Polymer physical models 
In the equivalent freely jointed chain model, all bond vectors are assumed to be 
independent of the previous bond vector. The chemical structure of an ideal polymer, 
which controls the stiffness of a polymer in solution, is taken into account in Flory’s 
characteristic ratio, C, and the mean squared end-to-end distance is given by: 
          
where n is the degree of polymerization and l is the bond length. Flory’s characteristic 
ratio has values between 7 and 9 for flexible polymers. Values of C for various polymers 
are listed in Table 1.1 [92].  
 
 
Table 1.1: Flory’s characteristic ratio and Kuhn monomer length for various polymers. 
(Adapted from [92]) 
 
The equivalent freely jointed chain model is a chemistry free description of ideal, 
flexible polymers. It yields the same contour length and mean square end-to-end distance 
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as the freely jointed chain model. This model takes a real polymer and redefines effective 
monomers, known as Kuhn monomers, of length b and degree of polymerization N. The 
root mean-squared end-to end distance is given by:  
          
 
   
while the contour length is given by: 
     Nb 
When combined with the freely jointed chain model, N and b can be determined as: 
  
    
 
    
  
  
    
    
 
    
    
 
A typical model used to describe double-stranded DNA (dsDNA) is the worm-
like chain model, also known as the Kratky-Porod model [84, 92, 93]. This model 
describes polymers in which the flexibility is due to fluctuations of the chain contour 
from a straight line, instead of the rotation of torsion angles, which implies extremely 
long Kuhn monomers. A persistence length (lp) is used to describe the length scale over 
which a polymer is stiff. For length scales shorter than lp, the polymer behaves as a rigid 
rod, but for length scales longer than lp, the polymer assumes a random walk 
conformation. The Kuhn length is defined as [92]:  
 
Experimental results for the lp of dsDNA are shown in Figure 1.15.  
 
b 2lp
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Figure 1.15: A plot of the persistence length of dsDNA from T7 bacteriophage as a 
function of salt concentration. (Adapted from[93])  
 
1.3.3 Free energy of a polymer 
 The free energy of a polymer in solution is given by 
 
where U is the enthalpy, T is the temperature, and S is the entropy of the system. From 
thermodynamics, we know 
 
where k is Boltzmann’s constant and Ω is the number of possible states of the system. 
Applying a probability distribution function [92] gives 
 
where c is a constant. Combining the expressions for free energy and entropy gives 
F U N,R2




 TS N,R2




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In ideal systems, the enthalpy term equals zero and the free energy becomes 
 
The free energy is proportional to the square of the end-to-end distance (R), which 
implies entropic elasticity, or Hooke’s law [92].  
 
This implies that there is an entropic energy cost to increase the end-to-end distance. This 
quadratic dependence of the free energy on the end-to-end distance can also be derived 
from a blob scaling argument [92]. Blob scaling arguments are simple models that can be 
used to understand the energetics of polymer behavior while ignoring prefactors in the 
expressions. A schematic of blobs along a polymer chain is given in Figure 1.16. The 
blob size is given by 
 
where g is the number of monomers per blob and b is the size of a Kuhn monomer.  
 
F U N ,R2





3
2
kT
R2

Nb2
 c
F 
3
2
kT
R2

Nb2
 c
f 
dF N , R




dR
 3kT
R

Nb 2
gb2
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Figure 1.16: A schematic of blobs on the backbone of a polymer chain. The arrow 
denotes the blow size, ξ. (Adapted from [92]) 
 
From scaling arguments, the end-to-end distance of a polymer is given as 
 
where N/g is the number of blobs along the polymer backbone. Under tension, it is 
assumed that each blob is the maximum length scale where the polymer chain is 
undeformed; that is the polymer behaves as if unperturbed on length scales smaller than 
the blob size and maximizes entropy, while at length scales larger than the blob size, the 
polymer is elongated and loses entropy [92], meaning that the blobs align with applied 
force. From this, it is assumed that the free energy of the polymer chain increases by kT 
per blob 
 
which is the same order of magnitude as the previously derived free energy expression 
and gives the same expression for force required to elongate the polymer molecule [92]. 
Scaling theory gives reasonable approximations of free energy, within a prefactor of 
more detailed models, further discussion of free energy will use scaling theory.  
R
N
g

Nb2

F  kT
N
g
 kT
R2
Nb2
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It is important to emphasize that prior discussion was focused on ideal polymer 
chains in solution. However, in solution, monomers interact with the solvent and each 
other, leading to three categories of interaction: poor-solvent, ideal (or θ-solvent) or 
good-solvent. The poor-solvent case will not be discussed here. A detailed discussion of 
solvent quality can be found in reference [92]. Monomer-monomer interactions are 
negligible under ideal conditions. In the good-solvent case, monomer-monomer 
interactions are repulsive, and there is a monomer-solvent attraction. This monomer-
monomer repulsion causes the polymer chains to swell or extend (enthalpy gain), causing 
the dependence of the root mean-square end-to-end distance to become 
 
or more generally 
 
where υ is approximately 0.6 for good-solvent conditions and 0.5 for ideal solvent 
conditions.  
1.3.4 Polymers confinement in 2D and 3D 
 Considerable attention has been given to the study of polymer behavior under 
various confinement geometries, including nanochannels [81, 94] and spherical cavities 
[87]. In mesoporous systems and biologyical systems, it is important to consider two 
confinement geometries: cylindrical confinement and spherical confinement.  
 Figure 1.17 shows both an ideal and real polymer under 2D, cylindrical 
confinement. For an ideal polymer, Flory scaling theory recognizes that the chain acts as 
a random walk, meaning deformation along each axis is independent of the other axes 
R  bN
3
5
R  bN 
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[92]. Therefore, the mean square end-to-end distance under 2D confinement is given as: 
      
 
     
 
 
 
 
  
 
where D is the cylinder diameter. By definition, each blob contributes kT to the free 
energy cost of confinement, such that: 
         
 
 
     
 
 
 
 
 
 A real polymer exhibits different behavior than an ideal polymer due to the 
interaction of monomers. As shown in Figure 1.17, the blobs fill the cylinder linearly, 
which gives an end-to-end distance of: 
      
 
 
   
 
 
 
 
  
   
The confinement energy is then given as: 
        
 
 
     
 
 
 
 
  
 
 
Figure 1.17: Schematic representation of an ideal and real polymer confined within a 
cylindrical pore. (Adapted from [92]) 
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 Under 3D, spherical confinement, Flory scaling arguments predict: 
 
under good-solvent conditions, where βΔF is the free energy normalized by the thermal 
energy (kT), RG is the radius of gyration (average distance of monomers from the 
polymer center of mass) of an unperturbed polymer, R is the radius of the spherical cavity, 
N is the degree of polymerization, and Φ is the volume fraction  (note: NΦ is the 
probability of monomer-monomer contact) [87]. Monte Carlo simulations show a clear 
power-law dependence for a simple bead-spring model of a polymer under spherical 
confinement, in which monomers interact via a hard-core repulsion  
 
which is consistent with the prediction of scaling theory (a power dependence of 3.93) 
[87]. The authors also observed a cross over to a power-law dependence of 2 above a 
volume fraction of 0.2, which is consistent with the screening of excluded volume 
interactions in concentrated solutions. An expression for the average escape time for a 
confined polymer was predicted 
 
where Δμ is the gradient in chemical potential per monomer [87].  
F 
RG
R




15
4
 N
5
4
F ~
RG
R




3.8  0.1
 ~
N


N
F
N
~N
5
4
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1.4 Electrochemical probes for nanostructures 
1.4.1 Capacitive energy storage 
 The storage of energy in the charge build up at the interface between a 
dielectric medium and an electrode is called capacitive energy storage [95]. Capacitance 
is measured in Farads (F), which is defined as: 
F =
Coulomb
Volt
 
or charge built up normalized by the applied potential. Typical capacitors consist of a 
metal-dielectric-metal stack as shown in Figure 1.18. A typical metal-dielectric-metal 
capacitor stores nano- or microFarads of charge.  
 
Figure 1.18: Schematic of a typical solid-state capacitor showing a dielectric sandwiched 
between two metal electrodes.  
 
1.4.2 Electrochemical double-layer capacitors 
 Electrochemical double-layer capacitors (EDLCs), or supercapacitors, store 
electrical energy in the double-layer formed at an electrode-electrolyte interface, 
schematically shown in Figure 1.19. Due to this charge storage mechanism, EDLCs 
   
metal metal 
dielectric 
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possess high cycle life and good stability, making them interesting for various 
applications, including backup power supplies for electronics and high-power delivery 
for electric vehicles [96]. Like metal-dielectric-metal capacitors, the amount of charge 
stored in an EDLC is measured in Farads; a typical EDLC stores several Farads of charge 
per gram of device. The energy (E) stored in an EDLC is given by: 
  
 
 
    
where C is the capacitance of the device and V is the cell voltage. In order to maximize 
the energy stored in EDLCs, one initially considers increasing the cell voltage due to the 
quadratic effect on E. However, the EDLC voltage is limited to 1 V with aqueous 
electrolytes, unless the cell takes advantage of the overpotential for electrolysis of water 
at the electrodes [97]. Nonaqueous electrolyte solutions can be used to obtain working 
voltages of ~2.3V, but environmental concern arises due to use of organic solvents. 
Typical EDLCs can store energy up to 42 Wh/kg and 220 Wh/kg using aqueous and 
nonaqueous electrolytes [95, 98]. The capacitance of an EDLC can be increased in order 
to increase the energy stored and is given by: 
   
  
 
 
where ε is the dielectric constant, A is the electrode surface area and t is the double layer 
thickness. Since the energy is stored within a concentrated, liquid electrolyte, the 
capacitance is enhanced by charge storage in the double-layer with a thickness of 0.5-4 
nm [95, 98]. The double-layer capacitance at a surface is approximately 10-20 μF/cm2 
[98], which makes the use of high surface area nanostructured electrodes desirable to take 
advantage of surface areas on the order of 1000s m
2
/g [95]. Figure 1.20 shows a 
schematic of an actual high surface area carbon EDLC.  
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Figure 1.19: Schematic of an electrochemical double-layer capacitor with high surface 
area activated carbon electrodes, a separator and ionically conducting electrolyte. 
(Adapted from wikipedia.org)  
 
 
Figure 1.20: A carbon double layer capacitor with individual components labeled. 
(Adapted from [98]) 
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1.4.3 Electrode materials for EDLCs 
The original patent on EDLCs was granted in 1957 to Becker [99]. This patent 
described the use of a porous carbon electrode with an aqueous electrolyte solution to 
store charge in the electrochemical double-layer. Carbon is commonly used as electrode 
materials in EDLCs due to its well known allotropic forms, high surface area, low density 
and low cost. Graphite and glassy carbon, amorphous carbons and carbon black can be 
fabricated and purchased as fibers or felts, or powders, respectively, with high surface 
area. Additionally, carbon is fairly nonreactive in electrochemical cells, making stable 
cells over wide voltage ranges [95]. Figure 1.21 shows SEM and TEM images of 
mesoporous carbon electrodes.  
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Figure 1.21: SEM (a) and TEM images (b, c) of mesoporous carbon-polymer composite 
EDLC electrodes. (Adapted from [100]) 
 
It is worth mentioning that gold was explored as an EDLC electrode material due 
to its inert surface, high conductivity and decades of prior electrochemical study [101]. 
Additionally, mesostructure can be imparted into gold through dealloying, Figure 1.22. 
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[101-104]. However, gold is impractical as an electrode material for EDLCs due to its 
high cost, high density and low surface area relative to carbon.  
 
 
Figure 1.22: SEM image of a mesoporous gold electrode.  
 
1.4.4 Electrochemistry fundamentals 
At an electrode-electrolyte interface, two processes can occur: (1) charge transfer 
across the interface, which results in oxidation and reduction to occur in the electrolyte; 
or (2) under certain conditions, no charge transfer across the interface occurs [105]. 
Faraday’s law, which states the amount of chemical reaction caused by the flow of 
current is proportional to the amount of electricity passed, governs the oxidation and 
reduction reactions that occur when charge crosses the interface. If charge transfer does 
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not occur, nonFaradaic processes can occur. These processes include adsorption and 
desorption of ions, which alters the structure of the electrode-electrolyte interface as a 
function of applied potential [105].  
An electrode where no charge transfer across the electrode-electrolyte interface 
regardless of applied potential is an ideal polarizable electrode (IPE). This condition is 
similar to a capacitor, where charge is stored at the interface between materials. An IPE-
electrolyte interface responds like an EDLC under applied potential in the region where 
no current flows, Figure 1.23.  
 
Figure 1.23: Zero current flows across an ideal polarizable electrode under a given 
potential window. (Adapted from [105]) 
 
At the IPE-electrolyte interface, an applied potential generates an ionic double-
layer to balance the charge built up in the IPE. The amount of charge built up and 
capacitance is a function of the applied potential, which is dissimilar to solid-state 
capacitors. Figure 1.24 and Figure 1.25 portray the structure of the double-layer with 
charge and solvated ions, respectively.  
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Figure 1.24: Illustration of the build up of charge in solution at the metal electrode-
electrolyte interface to balance the charge built up at the metal surface with an applied 
potential. (Adapted from [105]) 
 
Figure 1.25: Schematic displaying the double-layer at an electrode-electrolyte interface 
with the Inner Helmholtz plane (IHP), Outer Helmholtz Plane (OHP) and Diffuse layer 
labeled. (Adapted from [5]) 
 
Since a metal cannot contain an electric field internally at equilibrium, the 
electrical charge is stored at the metal surface. Helmholtz proposed the counter charge 
was stored at the interface between the electrode and solution; he deduced that a 
molecular distance separated two sheets of charge, represented by the electrode surface 
and Inner Helmholtz Plane in Figure 1.25 [5, 105]. However, this model does not account 
for voltage dependence of the amount of charge stored in the double-layer. Gouy and 
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Chapman later modified the Helmholtz model to account for some thickness of the 
double-layer in solution to accumulate excess charge to balance the charge collected at 
the electrode surface. In the Gouy-Chapman model, the charge stored in the electrolyte 
had a finite thickness due to the attraction/repulsion of ions by the electric field and 
entropy driven agitation of the solution. The thickness of the diffuse layer is dependent 
on ion concentration; for electrolyte concentration greater than 10mM, the diffuse layer is 
less than 10 nm thick.[105] The diffuse layer in Figure 1.25 represents this modification. 
Stern contributed the Outer Helmholtz Plane (OHP) to the Gouy-Chapman model. The 
OHP contains solvated ions at their closest approach to the electrode surface. These 
solvated ions interact with the surface through long-rage electrostatic interactions [105].  
 At low electrolyte concentrations, the plane of closest approach has little impact 
on the predicted capacitance since the thickness of the diffuse layer is large compared to 
the IHP. At large applied potentials or high electrolyte concentrations, the charge 
becomes more tightly compressed against the IHP and the structure resembles the 
Helmholtz model [105].  
 
1.4.5 Characterizing the electrical response of electrode materials 
 There are several common methods used to characterize the electrochemical 
response of materials: 
1. Interfacial charging with a constant current density, a potential difference ΔV 
across the electrodes changed linearly with time. The capacitance is give by: 
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where Δq is the change in charge stored at an electrode given as: 
         
which gives: 
   
     
  
  
   
  
  
 
 
 
It is important to note that in real electrodes, ΔV deviates from linear versus 
current, Figure 1.26 [95].  
2. Using chronopotentiometry, a technique that uses a sequence of potential 
steps, charge flows to the interface (current) to the extent of capacitance times 
the potential step. Using the equations above, the capacitance can be 
determined from this measurement.  
3. Linear potential sweep experiments involve the application of a potential that 
changes linearly with time. See Section 1.4.6 for further description.  
4. A self-discharge experiment through a resistor allows the measurement of 
potential with time. Fitting of data allows the determination of capacitance 
from a known initial capacitor voltage, Vo [95].  
        
  
    
5. Electrochemical impedance spectroscopy is another route to determination of 
device parameters. See Section 1.4.7 for further discussion.  
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Figure 1.26: Constant charging curve for an electrode showing the transition from an 
ideal polarizable electrode to a real electrode. (Adapted from [92]) 
 
1.4.6 Potential sweep measurements 
Potential sweep methods allow the exploration of current, time and potential 
space simultaneously during a measurement. In these methods, the potential is varied 
linearly with time and the current is observed. Figure 1.27a shows a plot of the linear 
variation of potential, E, with time. Figure 1.27b shows the current response when a 
linear potential sweep is performed on an anthracene-containing electrolyte solution 
[105].  
 
Figure 1.27: (a) Linear potential sweep starting at time zero. (b) The resulting i-E curve 
when the linear potential sweep is applied to an electrochemical cell containing 
anthracene; the observed peak corresponds to the reduction of anthracene. (Adapted from 
[105]) 
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A cyclic voltammagram is obtained if the linear potential sweep is reversed, 
Figure 1.28a. The oxidation of the reduced anthracene ions is observed when the scan 
direction is reversed, Figure 1.28b [105]. Cyclic voltammetry is the most common 
commonly used electrochemical technique because it is a useful screening procedure to 
characterize electrode behavior. It allows the measurement of equilibrium parameters of 
electrochemical systems and indirect measurement of kinetic parameters [95].  
 
 
Figure 1.28: (a) A cyclic voltage sweep. (b) A Cyclic voltammagram obtained when a 
voltage sweep is applied to an electrode immersed in an anthracene-containing electrolyte. 
(Adapted from [105]) 
 
 In cyclic voltammetry, a linear change in potential is applied to a system except at 
the reversal points. The current is proportional to the derivative of charge with respect to 
potential at a given potential, which is also proportional to capacitance, C:  
  
     
  
  
  
  
  
  
     
where i is the current, q is charge, A is surface area and υ is the potential scan rate. This 
expression applies as long as the current and solution resistance are small such that the 
interfacial potential is approximately equal to the applied potential [95]. This expression 
can be modified to obtain: 
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This expression applies under potentials when the electrode-electrolyte system behaves 
like a IPE [95].  
 
1.4.7 Electrochemical impedance spectroscopy 
 It is important to consider the frequency response of a capacitor for device 
evaluation. Electrochemical impedance spectroscopy (EIS) is the common name for the 
technique measuring the frequency response of an electrode. EIS is a powerful 
characterization tool that allows the direct observation of the porous electrode behavior 
and separation of various factors through variation of applied frequency, ω. The response 
depends on the electrode material, pore size distribution and the various engineering 
parameters, including electrode thickness, macropore distribution, etc [95].  
 The applied excitation potential, e, in EIS has the form: 
 
where E is the constant potential to which the sinusoidal variation is applied and t is the 
time. The measured current response to the applied potential has the form: 
i  I sin(t )  
where ϕ is the phase angle separating the current response from the potential response. 
Figure 1.29 shows a plot of the applied potential, e, and the measured current response 
over time.  
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Figure 1.29: Sinusoidal applied potential, e, and current response, i, measured in an 
electrochemical impedance spectroscopy experiment. (Adapted from [105]) 
 
It is of interest to consider the current response to an alternating voltage across: (1) 
a resistor, (2) a capacitor and (3) a resistor and capacitor in series. If the sinusoidal 
applied potential is applied across a pure resistor, Ohm’s Law applies and the phase angle 
is zero. Figure 1.30 shows a plot of the applied sinusoidal potential and resultant current 
response across a resistor.  
 
Figure 1.30: Sinusoidal applied potential, e, and current response, i, measured across a 
resistor. (Adapted from [105]) 
 
The frequency response of a capacitor is more interesting than that of a resistor. 
Remembering that the charge on a capacitor is given by: 
qCe  
 
 
38 
and the current is given by: 
i C
de
dt
 
Then the current response across a capacitor, Figure 1.31, to an applied sinusoidal voltage 
has the form: 
             
 
  
       
 
 
  
 
 
Figure 1.31: The relationship between a sinusoidal voltage and current response across a 
capacitor. (Adapted from [105]) 
 
 The case of a resistor and capacitor in series is interesting because it can be used 
to model an EDLC electrode in electrolyte. For a resistor and capacitor in series, it is 
simple to mathematically consider the response using complex notation. The applied 
potential, E

, across the two circuit elements is: 
 
where E

R  and E

C  are the potential drops across the resistor and capacitor, respectively 
[105]. Z is the impedance, which has a real component and imaginary component (j = 
1 ): 
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Z ZRe  jZim R
j
C
 
The phase angle is then given as: 
tan
1
RC
 
and provides information on the balance between the resistive and capacitive components. 
The phase angle, ϕ, is zero for a pure resistor and 90o (π/2) for a pure capacitor. Typically, 
it lies between 0 and 90
o
 in real systems [95, 105].  
 Alternatively, it is useful to consider the admittance, Y, when studying EDLCs 
since it is the recipricol of impedance, allowing the additive combination of series circuit 
elements. The real and imaginary compoenents of the admittance are given by: 
YRe 
ZRe
Z
2
 
YIm 
Z Im
Z
2  
It is worth noting that the admittance is increases linearly with the capacitance since it is 
the reciprocal of impedance.  
 EIS data can be analyzed in many ways. The most commonly utilized plots are 
Nyquist plots and Bode plots, Figure 1.32 and 1.33. A Nyquist plot is a plot of –ZIm 
versus ZRe and may have more than one intercept with the ZRe axis, which correspond to 
the ohmic or Faradaic resistances depending on the system. A Bode admittance plot has 
two components: (1) log Y versus log frequency and (2) ϕ versus log frequency. Bode 
plots can have several inflections at various frequencies, which provide information about 
electrode relaxation processes [95, 105]. Additionally, the capacitance can be directly 
determined from the slope of the linear region in Bode plots.  
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Figure 1.32: Nyquist plots generated from computer simulations under the following 
conditions: (a) diffusion limited kinetics, (b) a transition from diffusion control at low 
frequency to charge transfer and double-layer charging control and high frequency and (c) 
a transition from charge transfer control to charge transfer from diffusion control at high 
and mid-range frequencies, respectively, accounting for finite length effects at low 
frequencies. (Adapted from [106]) 
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Figure 1.32 shows computed Nyquist plots with various experimentally observed 
features: 
a) The diffusional impedance dominates over most of the frequency range, 
resulting in a straight line with 45
o
 slope.  
b) Diffusional impedance dominates at low frequencies (45
o
 slope); however at 
high frequencies, a transition to charge transfer and double-layer charging control 
is observed (semi-circle).  
c) The same charge transfer and double-layer charging dominance is observed at 
high frequencies and diffusional impedance at mid-range frequencies. At very low 
frequencies, a near vertical line is observed, corresponding to the onset of finite 
length effects [106].  
 
 
Figure 1.33: Bode admittance plot showing the admittance of an EDLC as a function of 
frequency. (Adapted from [101]) 
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CHAPTER 2 
MESOPOROUS ZNS NANORATTLES: PROGRAMMED SIZE 
SELECTED ACCESS TO ENCAPSULATED ENZYMES 
 
Significant portions of this chapter were published as:  
D.V. Gough, A. Wolosiuk and P.V. Braun, Mesoporous ZnS Nanorattles: 
Programmed Size Selected Access to Encapsulated Enzymes. Nano Letters (2009) 9, 
1994-1998 
 
2.1 Introduction 
Viruses are recognized as being highly developed responsive nanocontainers and 
delivery vehicles. The cowpea chlorotic mottle virus (CCMV) capsid, for example, 
contains chemically responsive pores, which controllably release a payload when 
triggered [1]. The selective permeability of the CCMV viral capsid has been utilized to 
package both inorganic and organic species, including iron oxide [2], paratungstate [3], 
and poly(anetholsulfonic acid) [3]. A number of approaches to synthetically mimic these 
fascinating structures have been investigated. For example, using colloidal particles as a 
starting point, hollow organic [4], inorganic [5, 6], or composite [7] nanocontainers, 
including some which are responsive to environmental stimuli, e.g. pH [8, 9], ionic 
strength [9], and temperature [10], can be produced.  
Another interesting class of materials that mimic the chemical responsivity of 
viral capsids is chemically functionalized mesoporous materials [11, 12]. Mesoporous 
systems have attracted considerable interest for a variety of potential applications [13], in 
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part because their characteristic pore size can be defined over a size range similar to 
many important biological macromolecules, and the pores can be chemically 
functionalized to modify their properties. For example, nanovalves, formed by binding 
cyclobis(paraquat-p-phenylene) to [2]pseudorotaxanes attached to mesoporous silica, 
have been used to control the release of an entrapped organometallic complex [14]. One 
flexible route to synthesize mesoporous materials, lyotropic liquid crystal templating, is 
often used due to its simplicity, degree of control over the structure of the product 
materials, and applicability to a broad range of materials, including metals [15], oxides 
[16], and chalcogenides [17]. Lyotropic liquid crystal templating takes advantage of a 
self-assembled structure formed by a mixture of an amphiphile and water to control the 
structure of an inorganic phase; typically the inorganic phase grows in the hydrophilic 
domains of the liquid crystal, while the hydrophobic domains form the pores. Previously 
we combined lyotropic liquid crystal templating with colloidal templating in an approach 
we term “Double Direct Templaing” to form mesoporous hollow spheres (MHS) [18, 19]. 
In this approach, ZnS is heterogeneously nucleated onto a sacrificial core colloid within a 
lyotropic liquid crystal. After removal of the sacrificial core, the result is a ZnS MHS.  
Here we demonstrate that a biomacromolecule, soybean peroxidase (SBP), can be 
encapsulated within a ZnS MHS and utilize the fixed mesopore size to regulate the 
transport of reactants through the shell. Small molecules (e.g. H2O2, NaN3, and Amplex 
Ultra-Red) pass through the mesopores and interact with the SBP, while papain, a large 
protease, which can digest SBP, does not enter the MHS. SBP was selected as a model 
system for encapsulation within MHS due to its thermal stability, activity over a wide pH 
range, and remarkable robustness [20, 21]. Additionally, SBP has physical dimensions of 
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6.1 x 3.5 x 4.0 nm[22, 23]. which are greater than the MHS mesopore diameter (ca. 3 nm) 
[17]. The MHS host has the unique advantage that the mesopores in the inorganic shell 
allow access to the encapsulated functional species by a size selected range of reagents 
under a variety of environmental conditions. Additionally, the synthesis of the MHS is 
performed at room temperature with a mild chemical etching step, which is compatible 
with many organic, inorganic, and biological moieties. Moreover, controlling the 
diameter of the sacrificial core can be used to vary the size of MHS.  
2.2 Experimental 
2.2.1 Enzyme encapsulation within mesoporous hollow spheres 
Figure 2.1 outlines the procedure by which SBP was encapsulated within the ZnS 
MHS. First, a reverse emulsion was used to entrap the SBP within a sacrificial silica core. 
An aqueous solution of SBP (0.5 mL of 3 mg/mL) was added to a solution of 1.89 g 
Triton X-100, 1.46 g n-hexanol, and 5.84 g cyclohexane [24]. To the reverse emulsion, 
0.003 g 3-triethoxysilylpropylamine (APTES) and 0.094 g tetraethyl orthosilicate, and 
0.054 g of ammonium hydroxide (29%) was added to encapsulate SBP within SiO2 
colloids. The resulting colloids were thoroughly rinsed with acetone and ethanol via 
centrifugation and redispersion by sonication. The SBP loaded colloids were determined 
to be ca. 30 nm in diameter as measured by transmission electron microscopy (TEM), 
Figure 2.2a. These colloids were further grown to ca. 500 nm by a seeded SiO2 growth 
method based in a basic ethanolic hydrolysis [25], Figure 2.2b. Next, the colloids were 
functionalized with APTES [26]. The APTES functionalized SiO2 (0.1% by volume) 
were then dispersed into an aqueous solution containing 0.01 M poly(acrylic acid) (MW 
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= 2100 Da), which was bonded to the amine groups using 4-(4,6-dimethoxy [1.3.5] 
triazin-2-yl)-4-methylmorpholinium chloride hydrate [27].  
 
Figure 2.1: Procedure for encapsulation of soybean peroxidase (SBP) within a 
mesoporous ZnS hollow sphere: i) utilizing a reverse emulsion, SBP is encapsulated 
within ca. 30 nm diameter SiO2 colloids; ii) the SiO2 colloids are then grown to ca. 500 
nm in diameter; iii) mesoporous ZnS is mineralized onto the SiO2 colloids utilizing a 
lyotropic liquid crystalline template; iv) the template is then rinsed away; v) the 
sacrificial SiO2 template is etched, resulting in free SBP encapsulated within a ZnS MHS.  
 
2.2.2 Surface functionalization and ZnS mineralization 
The core colloids were then rinsed to remove excess poly (acrylic acid) and 
dispersed (0.02% by volume) in an aqueous solution containing 0.1 M zinc acetate and 
0.1 M thioacetamide. The aqueous solution was then mixed with an equal weight of 
oligoethylene oxide oleyl ether (Brij 97) to form the hexagonal lyotropic liquid 
crystalline template. Upon aging, a mesoporous ZnS shell heterogeneously mineralized 
onto the surface of the SiO2 colloids [18, 19]. Finally, the cores were etched with 5% 
hydrofluoric acid in ethanol, resulting in free SBP encapsulated within ZnS MHS. The 
MHS were then thoroughly rinsed with ethanol and redispersed in a PBS buffer (pH 7.4, 
50 mM).  
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2.2.3 Molecular permeation experiments 
A fluorogenic substrate, N-acetyl-3,7-dihydroxyphenoxazine (Amplex Ultra-Red), 
was utilized to verify the presence and catalytic activity of the MHS encapsulated SBP. 
Hydrogen peroxide, Amplex Ultra-Red, and resorufin are all smaller than the 3 nm 
diameter mesopores and are expected to transport rapidly through the MHS shell. In a 
typical experiment, soybean peroxidase-containing MHS in a phosphate buffer solution 
(PBS, 50mM, pH 7.1) were allowed to physisorb onto a coverslip with HybriWells 
(Grace Bio-Labs). The PBS was eluted with a reagent solution containing 0.5 µM 
Amplex Ultra-Red and 0.018% by volume hydrogen peroxide in PBS. After ca. 5 minutes, 
a fluorescence microscope was utilized to view the resorufin formed by the SBP 
catalyzed oxidation of Amplex Ultra-Red by exciting at wavelengths between 540-580 
nm and collecting emitted fluorescence at wavelengths between 590-650 nm.  
For the size selected exclusion experiments, papain, a cysteine protease, was 
incubated with soybean peroxidase-containing MHS in PBS and dithiothreitol and heated 
to 37
o
C for 36 hours. After incubation, the solution was centrifuged to precipitate the 
enzyme-containing MHS, any digested soybean peroxidase and papain. The supernatant 
was replaced with PBS; this was repeated at least 3 times. The particles were then used 
for fluorescence experiments as described above.  
To verify the observed enzyme activity was due to encapsulated, active soybean 
peroxidase, two control experiments were performed. First, ZnS MHS were allowed to 
precipitate onto a coverslip with a HybriWell. The MHS were exposed to the reagent 
solution and observed on a fluorescence microscope. The formation of resorufin was not 
observed on the same time scale it was observed with soybean peroxidase-containing 
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MHS. Second, an irreversible inhibitor for soybean peroxidase was used to inactivate the 
enzyme. Sodium azide was incubated with enzyme containing-MHS for 36 hours at 37
o
C. 
After incubation, excess sodium azide was removed by centrifugation and redispersion in 
PBS. The particles were then observed under a fluorescence microscope as described 
above.  
2.3 Results and discussion 
TEM images of a ZnS MHS containing SBP after core etching at both low and 
high magnification, where the mesopore structure is evident, are shown in Figure 2.2. 
The high magnification image was taken from a particle with a thin, incomplete shell, 
where the mesopore structure is easy to observe. A more detailed analysis of the 
mesostructure of the MHS can be found in Ref [28]. 
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Figure 2.2: TEM images showing: (a) SiO2 colloids containing soybean peroxidase after 
encapsulation; (b) SiO2 colloids containing soybean peroxidase after several silica 
regrowth steps; (c) a complete ZnS MHS containing SBP at low magnification and (d) a 
thin ZnS MHS at higher magnification where the mesopores are more evident.  
 
The encapsulation efficiency of the reverse emulsion was determined by UV-
visible spectroscopy by comparing the absorption of as-encapsulated SBP in SiO2 with 
control samples of known SBP concentration, Figure 2.3. The scattering from the SiO2 
colloids was subtracted by matching the long wavelength absorbance of the SBP-
containing sample with a control sample containing SiO2 colloids. From the scatter-
subtracted absorption of the SBP at 404 nm, an encapsulation efficiency of 10% was 
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determined, which after SiO2 core etching corresponds to approximately 8 enzyme 
molecules per MHS.  
 
Figure 2.3: Absorbance versus wavelength for encapsulated SBP in SiO2 (- -). The SBP 
absorption (   ) was calculated from the difference between as encapsulated SBP in SiO2 
(- -) and the scatter from a suspension of SiO2 colloids (- ٠ -). Inset: plot of the 
absorbance of known concentrations of SBP at a wavelength of 404 nm.  
 
To verify the presence and catalytic activity of the MHS encapsulated SBP, a 
fluorogenic substrate, N-acetyl-3,7-dihydroxyphenoxazine (Amplex Ultra-Red), was 
utilized. Amplex Ultra-Red exhibits high reaction specificity with hydrogen peroxide in 
the presence of a peroxidase to form the fluorescent dye resorufin [29, 30]. Hydrogen 
peroxide, Amplex Ultra-Red, and resorufin are all smaller than the 3 nm diameter 
mesopores and thus are expected to transport rapidly through the MHS shell. A schematic 
of the peroxidase-catalyzed oxidation of Amplex Ultra-Red to resorufin is shown in 
Figure 2.4a(i). A fluorescence microscope was utilized to view the resorufin formed by 
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the SBP catalyzed oxidation of Amplex Ultra-Red by exciting at wavelengths between 
540-580 nm and collecting emitted fluorescence at wavelengths between 590-650 nm. 
ZnS MHS containing SBP were deposited onto glass coverslips covered with HybriWells 
(Grace Bio-Labs), and then the reagent solution (0.5 µM Amplex Ultra-Red and 0.018% 
by volume hydrogen peroxide in PBS) was injected into the sample well. Individual MHS 
were then observed to fluoresce (Figures 2.4b,c and 2.5). In the absence of SBP, 
fluorescent ZnS MHS were not observed, which is strong evidence both that active SBP 
is encapsulated and that ZnS does not catalyze the conversion of Amplex Ultra-Red to the 
dye resorufin.  
 
Figure 2.4: (a) Schematic representation of the interaction between different molecular 
species and the mesoporous ZnS shell: (i) the fluorogen, Amplex Ultra-Red, and H2O2 
(not shown) enter the MHS and undergo a SBP-catalyzed reaction to form the dye 
resorufin; (ii) papain, a protease, was blocked from entering the MHS due to steric 
exclusion; (iii) NaN3 readily entered the MHS to irreversibly inhibit SBP. Transmitted 
(top) and fluorescence (bottom) images of ZnS MHS containing SBP exposed to (b) 
Amplex Ultra-Red and H2O2, (c) Amplex Ultra-Red and H2O2 after exposure to papain, 
and (d) Amplex Ultra-Red and H2O2 after exposure to sodium azide. (All optical images 
are the same scale.) 
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Figure 2.5: Transmitted (a) and fluorescence (b) light microscope images of ZnS MHS 
containing SBP in the presence of the fluorogen Amplex Ultra-Red and H2O2.  
 
The observed fluorescence emanating from the SBP-containing colloids is due to 
the production of resorufin in the core of the MHS (Figure 2.4a(i)). Upon elution of the 
reagents with buffer solution, the MHS were observed to remain fluorescent, which 
implies adsorption of resorufin onto the ZnS shells. To verify that the observed 
fluorescence is due only to the SBP catalyzed oxidation of Amplex Ultra-Red, and not 
some other reaction, the fluorescence signal was observed as each component of the 
reagent solution (PBS, H2O2 in PBS, and Amplex Ultra-Red in PBS) was added 
individually to separate batches of the MHS containing SBP. Each sample was then 
subsequently eluted with the complete reagent solution. Fluorescence images were 
collected at 2 second intervals over 40 seconds after the addition of the individual 
components and for 40 seconds after elution with the complete reagent solution; plotted 
in Figure 2.6 are the fluorescence intensities of an individual MHS containing SBP 
during each experiment. The error bars correspond to one standard deviation of the 
fluorescence intensity over the 40 seconds for both the individual component and 
complete reagent solutions.  
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Figure 2.6: Plot of the average fluorescence intensities after exposure of MHS containing 
SBP to various reagent solutions. Initially, PBS, PBS containing H2O2, or PBS containing 
Amplex Ultra-Red was added to MHS containing SBP (black bars). The system was then 
eluted with the complete solution containing Ampex Ultra-Red and H2O2 in the PBS 
buffer (gray bars). The error bars indicate one standard deviation from the average 
fluorescence intensity over the 40 second time interval.  
 
To demonstrate the size selectivity of the mesopores, papain, a cysteine protease, 
isolated from papaya latex, was mixed with the ZnS MHS containing SBP, Figure 
2.4a(ii). Papain was chosen because it is larger than the mesopore [31, 32], and its high, 
non-specific activity [33], and well-understood activation/inhibition behaviour [31, 32, 
34]. This protease has physical dimensions of ca. 5.0 x 3.7 x 3.7 nm [32]. and thus cannot 
fit through the 3 nm mesopores in the MHS. The protease was activated with 
dithiothreitol [34, 35] and incubated with both the MHS containing SBP and free SBP in 
solution. The MHS were then thoroughly rinsed with the buffer solution to remove the 
protease and any digested SBP. Upon exposure to the Amplex Ultra-Red and H2O2 
reagent solution, the MHS were observed to fluoresce (Figure 2.4c); indicating that the 
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MHS protected the SBP by sterically excluding papain, while the protease digested any 
free SBP. To conclusively demonstrate that small molecules can permeate through the 
MHS shell wall, sodium azide (NaN3), a known irreversible inhibitor for heme group 
containing enzymes, such as SBP, was also incubated with the MHS containing SBP 
(Figure 2.4a(iii)). Following incubation with NaN3, the MHS were thoroughly rinsed with 
the buffer solution to remove excess NaN3; upon introduction of the reagent solution, no 
fluorescence was observed in the sample (Figure 2.4d). 
2.4 Conclusions 
In summary, we described a general strategy for the encapsulation of an active 
biomolecular species within the central cavity of ZnS MHS. Both the activity of the 
encapsulated SBP and the size-selective transport through the wall of the MHS were 
verified through the use of a common fluorogen, hydrogen peroxide, and sodium azide. 
Additionally, the protection of the SBP was shown through size-selected blocking of 
papain. The mesoporous hollow sphere system introduces size-selectivity to catalyzed 
chemical reactions; future work may include variations in pore sizes, and pore wall 
chemical functionalization. 
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CHAPTER 3 
PROGRAMMED SIZE-SELECTED PERMEATION OF ssDNA INTO 
ZNS MESOPOROUS HOLLOW SPHERES 
 
Portions of this chapter were submitted for publication as:  
D.V. Gough, J.L. Defino and P.V. Braun, Programmed size-selected permeation of 
ssDNA into ZnS mesoporous hollow spheres.  
 
3.1 Introduction 
Controlling molecular transport within nanostructures is important in many 
applications including size-selected filtration of chemical and biological species [1-4], 
sensing [5, 6], and synthesis [4, 6, 7]. It is of particular interest to program the 
permeability of the capsule walls such that they act as physical or chemical filters to 
control the transport of chemical species into and out of the capsule. Nature has produced 
many containers that possess selectively permeable membranes. For example, viruses 
evolved to become responsive nanocontainers and delivery vehicles for various natural 
payloads and were modified experimentally to carry designed payloads. The cowpea 
chlorotic mosaic virus, for example, has environmentally responsive pores that govern 
the release of the encapsulated payload [8]. Realizing this functionality in a synthetic 
system may result in functional species including nanoreactors and sensors. Hollow 
capsules composed of polyelectrolyte multilayers are one interesting example because 
they can be designed to be responsive to temperature [9],  pH [10], and light [11].  
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Significant scientific efforts are also focused on the synthesis of mesoporous 
materials, which can be designed to possess pores with diameters ranging from 2 to 50 
nm. One reason mesoporous materials are of interest is because the pore size is 
comparable to that of many interesting biological macromolecules, making these 
materials applicable for molecular sorption and enzyme supports [12]. In one particular 
variant of mesoporous materials synthesis, near monodisperse, periodic mesopores can be 
templated into materials through lyotropic liquid crystal (LLC) templating [13-26]. In this 
approach, the inorganic phase is mineralized within the self-assembled structure formed 
by a liquid crystal formed by a mixture of an amphiphile with water. Typically, the 
inorganic phase nucleates and grows only within the hydrophilic domains, while the 
hydrophobic domains are absent of mineral, resulting in a porous structure. LLC 
templating is commonly used due to its simplicity, degree of control over structure and 
versatility across various classes of materials, including metals [13, 14, 18, 22-24], oxides 
[17, 19, 25], and chalcogenides [15, 20, 26]. In prior work, we combined colloid and LLC 
templating to obtain mesoporous hollow spheres through a process we termed “Double 
Direct Templating” [27-29]. The mesoporous hollow spheres are formed by the 
heterogeneous mineralization of mesoporous ZnS onto colloid surfaces within a lyotropic 
liquid crystal and subsequent soft template and core template removal.  
Previously, we demonstrated the encapsulation of active enzyme molecules within 
ZnS mesoporous hollow spheres. We confirmed the size selected access of small 
substrate and inhibitor species through the mesopores, while excluding large protease 
molecules from accessing the encapsulated enzyme [29]. Programming of the mesopore 
size in this system over very fine size scales, which as we show here can be accomplished 
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by modulating the characteristic dimensions of the LLC template, is a direct step towards 
catalytic synthesis with direct size control over reactants and products through molecular 
sieving. The addition of long chain alkanes to lyotropic liquid crystals is known to swell 
the hydrophobic regions of the micellar [30, 31], lamellar [30-33] and hexagonal [30, 31, 
34, 35] phases. Swollen lyotropic liquid crystals have been used to template various 
mesoporous materials, including SiO2 [36-38] and metals, with a tight coupling of the 
characteristic dimensions of the template and pores in the resultant templated material [21, 
39]. Here we demonstrate that lyotropic liquid crystal swelling can be used to vary the 
mesopore size in ZnS mesoporous hollow spheres, and that this size directly impacts the 
molecular permeability of the shell wall. The change in permeability of the mesopores is 
probed with single-stranded DNA (ssDNA) of various molecular weights. 
 
3.1.1 ssDNA Persistence length 
A typical model used to describe DNA (dsDNA) is the worm-like chain model, 
also known as the Kratky-Porod model [40]. This model was used to understand the 
conformational flexibility of single-strand DNA (ssDNA) as a function of electrolyte 
concentration through the use of a fluorescence energy transfer approach [41], Figure 3.1.  
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Figure 3.1: A plot of persistence length as a function of salt concentration for ssDNA. 
(Adapted from [41]) 
 
 
3.1.2 Transmission of fluorescent light through ZnS 
 ZnS is a semiconductor material, meaning that it absorbs light with energy above 
its band gap. The primary concern with fluorescence as the means of experimental 
feedback is that the ZnS mesoporous hollow sphere and not the detector may absorb the 
light. To address this concern, the expected amount of transmitted light was determined 
from a dye’s emission maximum (assumed to be 550 nm), mesoporous hollow sphere 
shell thickness and the extinction coefficient of ZnS. It was calculated that 100% of the 
green fluorescent light will be transmitted through the mesoporous hollow sphere shells, 
Table 3.1. 
 
Material 
Band 
Gap 
Extinction 
coefficient 
Dye 
emission 
maximum 
Shell 
Thickness 
% fluorescent 
light 
transmitted  
  eV   nm nm % 
ZnS 3.54 3.50E-06 550 40 100.0 
Table: 3.1: Parameters used to determine the amount of fluorescent light transmitted 
through the ZnS mesoporous hollow sphere shells.  
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3.2 Experimental 
3.2.1 Mesoporous hollow sphere synthesis  
SiO2 colloids, ca. 500 nm diameter, were synthesized by basic ethanolic 
condensation of tetraethyl orthosilicate [42] (Aldrich) and subsequently functionalized 
with 3-aminopropyltriethoxysilane (APTES, Gelest) [43]. The APTES functionalized 
SiO2 colloids (0.1% v/v) were then rinsed thoroughly with ethanol and redispersed into 
water. An aqueous solution of 0.01 M poly(acrylic acid) (MW = 1800 Da, Aldrich) was 
added to the APTES functionalized SiO2. The poly(acrylic acid) was attached to the 
APTES functionalized surface using 4-(4,6-dimethoxy[1.3.5]triazin-2-yl)-4-
methylmorpholinium chloride hydrate (5 mM, Acros) [44]. After sitting over night, the 
SiO2 colloids were rinsed to remove excess poly(acrylic acid) and redispersed (0.02% v/v) 
into an aqueous solution containing zinc acetate (0.1 M, Acros) and thioacetamide (0.1 M, 
Acros). This solution (1g) was shear mixed into an equal weight of oligo(ethylene oxide) 
oleyl ether (Brij 96, Fluka) to form a hexagonal lyotropic liquid crystal. To form the 
swollen lyotropic liquid crystal, 0.1, 0.2 or 0.3 mL of dodecane was added to the 1 g of 
Brij 96 prior to shear mixing to give 5, 9 or 12% dodecane in the lyotropic liquid crystal, 
respectively. After aging for 4-5 days, mesoporous ZnS mineralized onto the 
functionalized SiO2 colloid surfaces [27-29]. The soft template and homogeneously 
nucleated mesoporous ZnS was removed by rinsing in ethanol, and the cores were etched 
with 5% hydrofluoric acid in ethanol. To encapsulate Amidine latex colloids (ca. 500 nm, 
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Invitrogen), a SiO2 shell was first grown onto the latex, as previously reported [45], to 
create the core for surface modification and subsequent ZnS mineralization.  
 
3.2.2 ssDNA permeation experiments 
The SiO2 was initially removed from the latex@ZnS (core@shell) particles, 
which were then dispersed (0.005% v/v) in PBS (50 mM phosphate buffer solution, 250 
mM NaCL, pH = 7.4), prepared using Millipore water, by rinsing at least four times. 50 
μL of the latex@ZnS solution was diluted five times in PBS. 5’-Hexachlorofluorescein 
labeled ssDNA sequences were obtained from IDT DNA (see Table 3.2 for ssDNA 
sequences used). ssDNA (0.3 μM) was added to the particles in solution and were kept in 
the dark and agitated for 1, 3, or 6 hours. At completion, the excess ssDNA was removed 
by diluting the solution to 3 mL in PBS prior to centrifugation and redispersion in PBS. 
After the third centrifugation step, the particles were dispersed into ethanol and allowed 
to stand for 30 minutes to precipitate free ssDNA. The supernatant was then collected and 
centrifuged and redispersed into PBS (3 times). The samples were then characterized 
with fluorescence microscopy.  
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ssDNA Sequences Used for Molecular Permeation Studies 
Sequence ID Base sequence 
19b 5’ – (TTT CCC)3 T – 3’ 
25b 5’ – (TTT CCC)4 T – 3’ 
30b 5’ – (TTT CCC)5 – 3’ 
41b 5’ – (TTT CCC)6 TTT C – 3’ 
100b 5’ – (TTT CCC)16 TTT C – 3’ 
Table 3.2: ssDNA sequences used for permeation experiments through the mesoporous 
ZnS hollow colloids.  
 
3.3 Results & Discussion 
Mesoporous hollow spheres (MHS) are synthesized by the heterogeneous 
nucleation of ZnS onto a colloid surface within a lyotropic liquid crystalline (LLC) 
template and subsequent core removal, Figure 3.2 (i - ii) [27-29]. The mesopore size in 
these colloids is 2.5 nm, which is in agreement with small angle x-ray scattering (SAXS) 
measurements on the unswollen LLC template, Figure 3.3. The LLC template fixes the 
mesopore diameter in MHS; however establishing fine control over the mesopore size 
and, consequently, shell permeability is of interest for many applications, including 
synthesis, molecular sieving and drug delivery. Addition of a swelling agent to LLCs 
provides a simple route to linearly vary the lattice parameter of the self assembled phase 
[30]. Utilizing a swollen LLC as a template for MHS synthesis is expected to allow a 
change in pore size and, consequently, permeability of the mesoporous shell.  
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Figure 3.2: The general procedure for the synthesis of ZnS mesoporous hollow spheres 
using both unswollen (left) and swollen (right) lyotropic liquid crystal templates. Left: (i) 
an aqueous solution containing surface functionalized SiO2 colloids, zinc acetate and 
thioacetamide was mixed into a surfactant to form the lyotropic liquid crystal template in 
order to mineralize mesoporous ZnS mineralizes onto the surface of the colloids; (ii) the 
core is removed by etching in hydrofluoric acid; (iii) a highly magnified schematic view 
of the mesopores template by an unswollen lyotropic liquid crystal showing that small 
ssDNA can permeate the ca. 2.5 pores, while large ssDNA is excluded. Right: (iv) the 
aqueous solution containing surface functionalized SiO2 colloids and precursors is mixed 
into a surfactant with swelling agent to form a lyotropic liquid crystal with swollen 
hydrophobic domains and, after aging, mesoporous ZnS mineralizes onto the colloid 
surface; (v) mesoporous hollow spheres are obtained after core removal in hydrofluoric 
acid; (vi) high magnification schematic view of the large mesopores template by a 
swollen lyotropic liquid crystal template showing the permeation of small ssDNA and 
permeation of large ssDNA that was impermeable to the small mesopores can permeate 
the large ca. 4.1 nm pores.  
 
Figure 3.3a shows a schematic comparing a unit cell of an unswollen LLC to a 
swollen LLC. The added dodecane is expected to segregate to the hydrophobic domains 
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within the hexagonal phase of the LLC. Despite this segregation, the lattice spacing of the 
LLC template varied linearly with added dodecane as verified by small angle x-ray 
scattering (SAXS). The amount of dodecane added was varied from 0 to 0.3 mL, 
corresponding to 0 to 12% by volume (note that the densities of water and surfactant 
were approximately equal). As shown in the SAXS data, Figure 3.3b, and verified by 
cross-polarized optical microscopy (not shown), the hexagonal phase of the LLC is 
observed up to 12% added dodecane. In the unswollen LLC, three peaks are observed at 
q values of 0.96, 1.68 and 1.94 nm
-1
; ratios of 1:1.73:2.01 are in excellent agreement with 
the expected ratio of 1:√3:2 for the 100, 110 and 200 planes of the hexagonal phase. The 
LLCs with 5, 9 and 12% added dodecane display similar agreement. It was observed that 
the 9 and 12% samples display the 210 reflection at q values of 2.08 and 1.97 nm
-1
, 
respectively. The linear increase in lattice parameter with added dodecane is plotted in 
Figure 1c. Since the dodecane is expected to be localized within the hydrophobic rods of 
the hexagonal LLC [30], the pores in the templated inorganic material are expected to 
increase in diameter accordingly. The expected increase in mesopore diameter, 
determined from the SAXS data, is also plotted in Figure 3.3b. The mesopore diameter 
can be varied from 2.5 (unswollen LLC) to 4.65 nm (with 12% dodecane) before the LLC 
crosses a phase boundary [30]. A modified scheme for synthesizing MHS with increased 
mesopore size is shown in Figure 3.2 (iv – v). To synthesize ZnS MHS with increased 
mesopore size, the SiO2 colloids and ZnS precursors are mixed into a surfactant solution 
containing swelling agent. Upon aging, ZnS templated by the swollen LLC is mineralized 
onto the SiO2 surfaces. After soft template and SiO2 removal, ZnS MHS with larger pores 
are obtained. Experimentally, it was found that the LLC containing 12% dodecane 
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templated MHS with high quantities of shell defects and was not used further; therefore, 
the highest concentration of swelling agent used for the remainder of the discussion was 
9%.  
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Figure 3.3: (a) Illustration showing the increase in dimensions of the unswollen lyotropic 
liquid crystal relative to the swollen lyotropic liquid crystal. (b) Small angle X-ray 
scattering data for hexagonal lyotropic liquid crystals containing 0, 5, 9 and 12% by 
volume of swelling agent, dodecane. (c) The change in lyotropic liquid crystal lattice 
parameter and hydrophobic rod diameter as a function of added swelling agent.  
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Figure 3.4: Low (a) and high (b) magnification transmission electron microscope (TEM) 
images of ZnS mesoporous hollow spheres (MHS) templated with an unswollen lyotropic 
liquid crystal. TEM images of MHS template by a lyotropic liquid crystal swollen with 
17% dodecane at low (c) and high (d) magnification.  
 
Transmission electron microscope images of ZnS MHS synthesized with both 
unswollen and swollen (17% added dodecane) LLC templates are shown in Figure 3.4. It 
is evident that mesostructured hollow colloids are obtained after soft template and core 
removal with both the unswollen and swollen LLC are used as templates. The high 
magnification TEM images show the change in mesopore size; the difference mesopore 
size is directly observed in the high magnification TEM images.  
The literature is replete with examples of exploring the permeability of mesopores 
with polymers [46-54]. Additionally, polymer probes were used to explore the 
permeability of polyelectrolyte multilayer shells as a function of probe size and 
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multilayer thickness [55, 56]. Figure 3.2 shows the experimental method to characterize 
the change in MHS permeability using fluorescently labeled ssDNA as the probe. 
Positively charged latex colloids are encapsulated within ZnS MHS to provide a surface 
for physisorption of ssDNA that is small enough to penetrate the mesopores. ssDNA that 
is too large will be excluded from the mesopores and was washed away prior to 
characterization. The anchoring of the fluorescently labeled ssDNA allows the 
permeation to be observed by fluorescence microscopy.  
The hydrodynamic diameter of the ssDNA and free energy of 2D confinement 
within the mesopores was considered in order to select ssDNA of appropriate length. The 
hydrodynamic diameter was calculated from the radius of gyration [57], which is given 
by the Kratky-Porod equation:  
 
where p is the persistence length and Lc is the contour length of the ssDNA chain [58]. 
The persistence length of ssDNA was previously shown to be a function of sodium 
chloride concentration [41, 57]. Of relevance for this work, a persistence length of ca. 
2.25 nm is attainable in a solution containing 0.25 M sodium chloride, Figure 3.1. Figure 
3.5a plots the hydrodynamic diameter as a function of the number of bases in the ssDNA 
chain. It is evident that ssDNA lengths between 20 and 40 bases are of import to show a 
change in mesopore diameters achievable in the ZnS MHS.  
The mesopore length, ca. 50 nm, is significantly longer than the contour length of 
the 20 to 40 base length of ssDNA probes. This means that the entire length of the 
ssDNA probes was contained within the mesopores during permeation, which makes the 
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free energy of 2D confinement of ssDNA within the mesopores an additional important 
consideration. Flory scaling theory predicts that the form of the free energy of 2D 
confinement (F) to be: 
 
where k is Boltzmann’s constant, T is temperature, N is the degree of polymerization of 
monomers of size b and D is the mesopore diameter [40]. The free energy of 2D 
confinement is plotted in Figure 3.5b for mesopore diameters of 2.5 and 4.1 nm. 
Permeation of the ssDNA through the mesopores is expected for confinement energies of 
ca. 1 kT or less. From this information, it was determined that 19, 30 and 100 base 
ssDNA would penetrate both mesopore sizes, penetrate only the 4.1 nm diameter 
mesopores, and be excluded from both mesopore sizes, respectively. 
 
F  kT
Nb
D
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Figure 3.5: (a) A plot of the hydrodynamic diameter as a function of the number of bases 
in the ssDNA probes determined from the Kratky-Porod equation. (b) Free energy of 2-
dimensional confinement of ssDNA as a function of probe length determined by Flory 
scaling theory.  
 
For the permeation experiments, the amidine latex-containing MHS were 
dispersed into a phosphate buffer solution (pH 7.4) containing 0.25 M sodium chloride 
and dye-labeled ssDNA (19, 25, 30, 41 or 100 base). The sample was then agitated for 1, 
3, or 6 hours. After the incubation was completed, excess ssDNA was washed away and 
the particles were observed under a fluorescence microscope. The ssDNA permeation 
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results are shown in Figures 3.6 and 3.7 for the 6 hour incubation times for both 2.5 and 
4.1 nm mesopores, respectively. The 19 base ssDNA sample was determined to have a 
2D free energy of confinement less than 1 kT for both mesopore sizes tested. This ssDNA 
size penetrated the 2.5 and 4.1 nm mesopores to significant extents, especially after 3 and 
6 hour incubation times. Experimentally, the 19 base ssDNA was observed to penetrate 
the 2.5 diameter mesopores after only 1 hour, and over 80% of the MHS were observed 
to fluoresce at 1, 3 and 6 hours, Table 3.3. The MHS with 4.1 nm mesopores was 
expected to readily allow the permeation of 19 base ssDNA to the encapsulated PS 
colloid. After 1 hour, very few fluorescent particles were observed; however, ca. 75% of 
the MHS were observed to fluoresce at 3 and 6 hours, Table 3.3.  
The 25b ssDNA was unable to penetrate the 2.5 nm mesopores at incubation 
times less than 10 hours, which was attributed to the ca. 1.2 kT confinement energy. 
Unexpectedly, it did not penetrate the 4.11 nm mesopores, where the confinement energy 
was determined to be ca. 0.7 kT. The 25b ssDNA was observed to penetrate the 3.05 nm 
mespores at 3 and 6 hours. The inconsistency in the data was attributed to dye-
detachment from the ssDNA between experiments (each mesopore size was tested 
individually with the different length ssDNA strands).  
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Figure 3.6: Fluorescence (top) and transmitted light microscopy (bottom) images of 
amidine latex-containing ZnS mesoporous hollow spheres with 2.5 nm diameter pores 
used for 6 hour ssDNA permeation experiments with 19, 30 and 100 base probes.  
 
 The 30 base ssDNA penetrated less than 10% of the observed MHS with 2.5 nm 
mesopores at 1 and 3 hours because of the significant energy cost of 4.74 kT to penetrate 
the pores. At 6 hours, the 30 base ssDNA was observed to penetrate the pores of ca. 50% 
of the MHS with 2.5 nm pores. The 30 base ssDNA was determined to experience an 
energy cost of 0.86 kT within the 4.1 nm mesopores, which implies permeation is 
favorable energetically. Over 80% of the MHS fluoresced with 1 and 3 hour incubation 
times, while ca. 70% of the MHS were observed to fluoresce after 6 hours.  
 
 
Figure 3.7: Fluorescence (top) and transmitted light microscopy (bottom) images from 6 
hour ssDNA (19, 30 and 100 base) permeation experiments through ZnS mesoporous 
hollow spheres with 4.1 nm diameter pores.  
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The 41b ssDNA was unable to penetrate the 2.5 nm mesopores at incubation 
times up to 6 hours due to the significant energetic barrier, ca. 1.9 kT. It was found to 
penetrate the 4.11 nm mesopores to a low extent at 1, 3 and 6 hours. The low extent of 
permeation was attributed to the ca. 1.2 kT energy cost within the 4.11 nm mesopores. 
This ssDNA size was not used for statistical analysis due to the low energy barrier at this 
pore size.  
 The 100b ssDNA was unable to penetrate the mesopores and physisorb onto the 
encapsulated poly(styrene) surface to any significant extent at times up to 10 hours. This 
was expected due to the significant confinement energies of ca. 4.7 and 2.9 kT associated 
with the 100b ssDNA penetrating the 2.5 and 4.11 nm pores, respectively.  
 
Quantity of Mesoporous Hollow Spheres Permeated by ssDNA 
Pore diameter 
ssDNA length 
(bases) 1 hour 3 hours 6 hours 
2.5 nm pores 
19 85% 83% 90% 
30 10% 3% 4% 
100 9% 6% 8% 
4.1 nm pores 
19 4% 76% 74% 
30 87% 80% 68% 
100 11% 3% 4% 
Table 3.3: Table showing percentage of fluorescent mesoporous hollow spheres with 2.5 
and 4.1 nm pore diameters at 1, 3 and 6 hour incubation times for each ssDNA lengths of 
19, 30 and 100 bases. Each percentage is based on at least 35 particles observed.  
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3.4 Conclusions 
In summary, we described a general strategy for programming mesopore size into 
ZnS mesoporous hollow spheres utilizing lyotropic liquid crystal swelling. The change in 
permeability of 2.5 nm mesopores was contrasted to that of 4.1 nm mesopores using 
fluorescently labelled ssDNA probes. The mesoporous hollow sphere system introduces 
programmable size-selectivity to control access to encapsulated species; future work may 
include pore wall chemical functionalization for pore gating and size selective synthesis 
using encapsulated catalysts.  
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CHAPTER 4 
EXPLORATION OF MATERIALS FOR MESOPOROUS HOLLOW 
SPHERES 
 
4.1 Introduction 
The self- and directed assembly of materials has been of considerable interest for 
a number of years, however only recently has it become possible to program structure 
and properties on the nanoscale with the precision required for a number of important 
applications. Rapid progress has been made in designing molecular templates for 
inorganic solids at length scales ranging from a few to 100s of nanometers [1]. However, 
it is important to consider alternative routes to synthesize nanostructured materials since 
molecular templating approaches are not universally applicable to all materials.  
4.1.1 Mesoporous II-VI semiconductor materials 
In the previous chapters, the utilization of Double Direct Templating to form 
enzyme-containing mesoporous hollow nanoreactors and manipulation of the lyotropic 
liquid crystal (LLC) template to control mesopore diameter and permeability in 
mesoporous hollow spheres (MHS) was described. It is also of great interest to synthesize 
mesoporous materials, specifically MHS, from materials other than ZnS in order to gain 
additional functionality. Sacrificial core colloid templating has been shown to be an 
extremely versatile method to create hollow spheres; however, LLC templating is not a 
universal approach to templating structure into materials. The templating of 
nanostructured materials involves the interactions of the precursor salts and the 
precipitating inorganic phase with the polar segment of the amphiphiles. It has been 
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previously shown that mesoporous materials composed of CdS [2], CdSe [2], and ZnS [2-
5] are easily templated using nonionic amphiphiles. However, other II-VI semiconductors 
(Ag2S, CuS, HgS and PbS) did not template within lyotropic liquid crystal templates [2]. 
Figure 4.1 shows TEM images of successfully and unsuccessfully templated II-VI 
materials from LLC templating.  
 
 
Figure 4.1: TEM images of ZnS and CdS successfully templated by a LLC and Ag2S, 
CuS, HgS and PbS unsuccessfully templated by a LLC. (Adapted from [2])  
 
More recently, it was found that only ZnS forms mesoporous hollow spheres 
(MHS) with high yield through direct synthesis within the lyotropic liquid crystalline 
template. Therefore, alternate materials and synthesis routes were explored in order to 
control the materials and materials properties of the MHS system.  
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4.1.2 Routes to mesoporous materials synthesis  
 Since the pioneering work by researchers at Mobile, who first synthesized well 
ordered, mesoporous SiO2 [6-8] using lyotropic liquid crystal templating, a wide variety 
of mesoporous materials have been synthesized in lyotropic liquid crystals, including 
metals (e.g., Ni [9], Pt [10] and Pd [11]) and metal alloys (e.g., Pt-Ru [12] and Pt-Ni [12]). 
Specifically, mesoporous Ni was fabricated using a lyotropic liquid crystalline template 
that was comprised of Brij 56 surfactant, which is very similar to the Brij 96 surfactant 
used to template MHS synthesis. Figure 4.2 shows mesoporous Ni nanoparticles 
synthesized from the reaction of NiCl2 and dimethylamine borane within the LLC 
hexagonal phase.  
 
 
Figure 4.2: Low (a) and high (b) magnification SEM images of mesoporous Ni 
nanoparticles. (c) TEM image showing the mesopores. (Adapted from [9]) 
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Ion exchange may be a simple route to synthesize [13] or modify [14, 15] the 
properties of nanostructured II-VI materials. Cation exchange of Ag
+
 with Cd
2+
 has 
recently been applied to nanostructured materials with tremendous success in order to 
obtain Ag2S, Ag2Se and Ag2Te nanospheres, nanorods and tetrapods from CdS 
nanoparticles with the same morphology [13-16]. Figure 4.3 shows examples of these 
exchange reactions. This synthetic route takes advantage of a preformed material with a 
desired structure that is to be imparted in the product. The preformed material is reacted 
with a salt in solution to form the same structure in the final product material. The 
thermodynamic driving force for cation exchange is the difference in the solubility 
products of the product and reactant. For example, consider the reaction:  
CdS +Cu2+ ÛCuS +Cd2+  
The solubility product, Ksp, is given by the ratio of the individual materials solubility 
products, which can be found in the CRC Handbook.  
    
   
   
   
      
  
The free energy, ΔG, is given as: 
                         
which implies a highly favorable reaction to for CuS from a thermodynamic point of 
view.  
The reaction described above was applied to mesoporous CdS to obtain 
mesoporous CuS; TEM images of CdS and CuS mesoporous particles are shown in 
Figure 4.3e and f, respectively. In this example, mesoporous CdS nanoparticles were 
simply reacted with aqueous CuSO4 to obtain mesoporous CuS.  
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Figure 4.3: TEM images showing various cation exchange reactions: CdS hollow 
spheres (a) before cation exchange with Ag
+
. CdTe tetrapods (c) before reaction with Ag
+
 
to form Ag2Te (d). Mesoporous CdS (e) and CuS (f) before and after cation exchange 
with Cu
2+
, respectively. (Adapted from [13, 17]) 
 
4.2 Experimental 
4.2.1 Nickel mesoporous hollow sphere synthesis 
 The synthesis route for Ni mesoporous hollow spheres was derived from [9]. A 
lyotropic liquid crystal (1:1 Brij 97:water by weight) containing 100 mM NiCl2 and 0.02% 
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(by volume) CML latex was prepared by shear mixing between two syringes connected 
by a Luer Lok. The lyotropic liquid crystal solution was then transferred to a centrifuge 
tube, such that ca. 0.5 mL of 100 mM dimethylamine borane (DMAB). The reaction was 
allowed to proceed for ca. 1 hour before the soft template was washed away in ethanol. 
The CML latex core was removed by dispersing the particles in tolune for 2 hours 
followed by rinsing and redispersion into ethanol.  
 
4.2.2 Cation exchange reactions 
 The cation exchange reactions were performed based on published work [17]. 
Silica colloids were surface functionalized as described in Chapter 3. An aqueous 
solution (1 g) containing silica colloids (0.02% v/v), zinc acetate (0.1 M, Acros), and 
thioacetamide (0.1 M, Acros) was shear mixed into an equal weight of oligo(ethylene 
oxide) oleyl ether (Brij 96, Fluka) to form a hexagonal lyotropic liquid crystal. After 
aging for 4-5 days, mesoporous ZnS mineralized onto the functionalized SiO2 colloid 
surfaces [4, 5, 18]. The soft template and homogeneously nucleated mesoporous ZnS was 
removed by rinsing in ethanol. In a typical cation exchange experiment, 100 mM copper 
acetate was added to the ZnS MHS prior to core etching, such that significantly more Cu 
was present during the reaction relative to Zn. After 1 hour, the solution was centrifuged 
to sediment the CuS MHS and the supernatant was removed (rinsed several times in 
water then redispersed in ethanol). The silica core was then etched in a 5% HF in ethanol 
solution. Cation exchange reactions to form Bi2S3 and Ag2S were performed using the 
acetate salts of each cation, and the Bi2S3 reaction was heated to ca. 60
o
C. 
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4.3 Results and Discussion 
 Both silica colloids and CML latex were used as the core template for nickel 
electroless plating within a lyotropic liquid crystal template. It was found that the silica 
cores were unable to be removed with ethanolic HF and was no longer pursued as a core 
template. The CML latex proved to be a removable core template. However, after etching, 
it was noted that the MHS tended to be deformed from the expected spherical 
morphology, presumably due to polymer swelling during the etching process. Figure 4.4 
shows TEM images of a mesoporous Ni nanoparticle and a Ni MHS. Ni mesoporous 
hollow spheres with thicker shells proved to be robust and resist deformation during core 
removal, Figure 4.4c.  
It is worth mentioning that electroless plating of Au to form MHS was attempted; 
however, the high surface diffusivity of Au did not allow nanostructure on this fine size 
scale. This was observed as severe coarsening of the grain structure in the TEM.  
 
 
Figure 4.4: (a) Mesoporous Ni nanoparticle obtained by lyotropic liquid crystal 
templating. (b,c) Mesoporous hollow sphere after removal of the poly(styrene) core with 
thin and thick shells.  
 
 
 
94 
Cation exchange was performed using ZnS MHS on silica cores as the starting 
material. Initially, exchange reactions were performed to obtain CuS. TEM images and 
energy dispersive spectroscopy (EDS) data verifying the ion exchange are shown in 
Figure 4.5. The copper peaks in the EDS spectra in Figure 4.5a are due to the use of a 
copper TEM grid for characterization. Using nickel TEM grids as a support for CuS 
MHS, it was found that a copper peak from the CuS appeared due to the replacement of 
Zn in the reactant material. The use of a nickel TEM grid for to support the CuS MHS for 
analysis shows the appearance of Cu peaks. From the TEM images, it is readily apparent 
that the hollow sphere structure is maintained after ion exchange, Figure 4.5c and d; 
however, the mesostructure is less obvious after ion exchange due to the change in 
electron density of the material. Typically, deformation of the shell was observed in the 
form of voids or holes.  
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Figure 4.5: TEM images and corresponding EDS spectra of (a) ZnS and (b) CuS. The 
CuS EDS spectra contains measurements collected using both a copper and a nickel TEM 
grid. (c,d) High magnification TEM images of ZnS and CuS, respectively.  
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Figure 4.6 shows TEM images of the ZnS starting material (after core removal) 
and CuS, Bi2S3 and Ag2S obtained by cation exchange for side-by-side comparison. Bi2S3 
MHS were obtained from ZnS MHS only with heating of the reaction solution to ca. 
60 °C, Figure 4.6c, and showed deformation to the shell. Ag2S MHS were only obtained 
by replacing Zn atoms with significant shell damage, Figure 4.6 and 4.7, and a coarsened 
grain structure was apparent. Figure 4.8 shows a mesoporous hollow sphere consisting of 
both CdS and ZnS, confirmed by EDS. This material was obtained by reacting cadmium 
acetate with ZnS for 3 hours at 60°C; it was also found that reaction overnight at 60°C 
produced the same result.  
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Figure 4.6: TEM images of: (a) ZnS mesoporous hollow sphere; CuS (b), Bi2S3 (c) and 
Ag2S (d) mesoporous hollow spheres synthesized by the cation exchange of Cu
2+
, Bi
3+
 
and Ag
+
 with Zn
2+
, respectively.  
 
 
Figure 4.7: TEM images of (a) A SiO2 colloid coated with a mesoporous ZnS shell; (b) a 
mesoporous ZnS hollow sphere; (c) a resultant Ag2S particle formed by cation exchange 
of (a) with AgNO3.  
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Figure 4.8: A TEM image of a mesoporous hollow sphere that was reacted with 
Cd(O2C2H3)2 for 3 hours at 60°C. 
 
The thermodynamic driving forces for conversion of ZnS to various materials are 
shown in Table 4.1. From thermodynamics, we know that there is a significant 
thermodynamic driving force promoting the formation of PbS, CdS and HgS. However, it 
was experimentally found that PbS and HgS could not be attained by cation exchange 
even with heating despite the energetically favorable exchange reactions. This result 
implies that, in addition to thermodynamics, kinetic factors are very important in cation 
exchange reactions. Several groups have thoroughly explored cation exchange reaction 
kinetics in view of thermodynamically and kinetically favorable reactions [13, 19, 20].  
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Material Band Gap Density Ksp Free energy 
 (eV) (g/cm3)  (kJ/mole) 
ZnS 3.54 4.079 2.00E-25 --- 
CdS 2.5 4.82 8.00E-28 -13.5 
PbS 0.37 7.61 3.00E-28 -15.9 
CuS 1.2 4.6 6.00E-37 -65.1 
Ag2S 1.2 7.317 6.00E-51 -144 
HgS 2 7.73 4.00E-54 -162 
Bi2S3 1.7 7.39 1.82E-99 -418 
Table 4.1: The thermodynamic driving force is given for the cation exchange reaction of 
to obtain various metal sulfides from ZnS.  
 
 It is worth noting that cation exchange reactions were also attempted in series. 
Initially, ZnS MHS were converted to CuS, which was reacted with bismuth acetate at 
60°C to obtain Bi2S3. Figure 4.9 shows a representative particle synthesized by this route. 
The hollow sphere shells were found to become thinner, presumably due to diffusion of 
cations to the outer surface during cation exchange from ZnS to CuS and from CuS to 
Bi2S3. The EDS spectrum shows that the copper was not completely replaced by this 
process. Figure 4.10 shows a more complicated reaction in which ZnS was reacted with 
copper acetate to obtain CuS. The CuS was then reacted with bismuth acetate to obtain a 
CuS-Bi2S3 hybrid material, which was reacted with AgNO3 to obtain Ag2S. Interestingly, 
the Ag2S hollow sphere tended to retain the original shell structure as compared with 
Ag2S obtained by direct reaction of ZnS with AgNO3.  
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Figure 4.9: TEM image and EDS spectra of a Bi2S3 mesoporous hollow sphere formed 
by cation exchange from ZnS to CuS to Bi2S3.  
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Figure 4.10: Sequential TEM images of progressive cation exchange reactions from ZnS 
(a) to CuS (b) to Bi2S3 (c) to Ag2S (d).  
 
4.4 Conclusions 
 Electroless plating and cation exchange were explored as methods to vary the 
shell material of MHS. Mesoporous Ni MHS were obtained by the reduction of Ni
2+
 with 
dimethylamine borane onto a CML latex core. However, the resultant MHS were 
damaged due to core swelling during etch. To successfully obtain undeformed MHS, a 
silica core must be utilized; one possible route to explore, in order to reach this goal, is 
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the surface chemistry/ligand effects on Ni
2+
.  Cation exchange was performed in order to 
obtain CuS MHS; however, it proved an unsuccessful route to PbS, S and HgS. CdS-ZnS, 
Bi2S3 and Ag2S MHS were obtained only with significant defects. The formation of CuS 
MHS should be optimized in further study; the use of chelating agents to effectively 
make the Cu
2+
 cations less available for immediate reaction, which will effectively slow 
the reaction rate.  
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CHAPTER 5 
HIERARCHICALLY NANOSTRUCTURED MATERIALS FOR 
ENHANCED MASS TRANSPORT 
5.1 Introduction 
 Many important technologies such as electrical energy storage, catalysis, 
and chemical separations depend upon chemical interactions with a surface. 
Nanostructured materials have extraordinarily high surface to volume ratios, where every 
atom within the material can be within a few nanometers of an interface. The 
disadvantage of these nanostructured materials is that transport of various species through 
small, and in particular long, narrow pores can be extremely slow [1]. In the case of 
capacitive energy storage, the charging time is proportional to L
2
/r, where L is the length 
and r is the radius of the pore [2, 3]. For fluid flow, the dependence on pore radius can be 
even stronger. It should be noted that for the flow of ions, in the smallest pores, 
electrostatic and other nanoscale effects can restrict transport in the narrowest pores. 
Transport limitations can be alleviated if a network of wider pores penetrated a material 
with narrow pores [4-6]. For electrical energy storage, finely interpenetrated electrodes 
are desirable [7]. A simple implementation of a pore hierarchy could be a packed powder 
of nanoporous particles [8]. An optimal design would most likely involve an ordered 
arrangement of identical subunits. Such a design would also be easy to model, allowing 
experimental verification of design principles, and it may provide a useful step toward 
synthesis of interpenetrated structures. We present a new path to ordered hierarchically 
nanoporous conductors that can help advance this effort. 
 Specifically, we create hierarchically porous opals of mesoporous gold. 
Porous gold containing a network of 10 to 20 nm pores can be prepared by selectively 
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dealloying the less noble silver from silver-gold alloys [9-13]. This technique has 
primarily been used to form film or foil sample geometries, but some architectures with 
multiple designed size scales have been prepared [14]. Gold serves as an ideal model 
material because it is chemically stable, can be surface modified and significant effort has 
been expended to understand its behavior [15-18]. Synthetic opals, close-packed 
assemblies of monodisperse colloidal spheres, are used as a template. These colloidal 
crystals, prepared by sedimentation, were subsequently infiltrated with a second material 
to create an inverse structure. We utilize this inversion process to template the 
electrodeposition of a silver-gold alloy. Upon removal of the less noble silver and 
template, a mesoporous gold opal is obtained.  
 
5.1.1 Electrochemical behavior of porous electrodes – de Levie model 
A high surface area to mass (or volume) ratio is desirable for electrochemical 
double-layer capacitors in order to maximize the capacitance. However, the trade off for 
high surface area is that the surface area is accessible for charge storage only through a 
collective solution resistance through the electrode pores. This results in a complex 
system to understand, except at the low frequency and highly conductive electrolyte 
limits [19]. de Levie addressed the challenge of understanding porous electrodes.  
The de Levie model assumes uniform, long cylindrical pores and a low resistance 
electrode material. He treated the pores as electric power RC transmission lines; an 
analogy that applies since there is a continuously increasing resistance and capacitance to 
atmosphere down the length of electrical transmission lines, Figure 5.1 [19].  
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Figure 5.1: (a) Schematic of an electrical transmission line with increasing resistance 
along the line length and capacitance build up. (b) de Levie model schematic overlaying 
the transmission line model with a pore in an electrode. (Adapted from [19, 20]) 
 
Rx is the solution resistance, dx is a small section of the equivalent circuit of a single pore, 
C is the double-layer capacitance that is assumed to be uniformly distributed down the 
pore length [19-21]. de Levie determined that the current over time, t, at the mouth of a 
pore under potentiostatic condition is given by: 
 
Under alternating voltage condition given as: 
 
where ω is the angular frequency (2π*frequency) and τ is the time constant given as: 
 
The current at the pore opening is given as [19]: 
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The de Levie model accounts for the capacitance deep within a pore charging more 
slowly than at the pore entrance due to ion currents.[21] de Levie determined the 
impedance expression that meets these conditions [21]: 
 
This expression can be expanded to obtain the expression for the real and imaginary parts 
of the impedance [21]: 
 
and 
 
These expressions can be fit to experimental data in order to determine the 
electrode parameters. The de Levie model was further modified by Robinson et al to 
apply to mesoporous gold electrodes and compared directly with experimental results, 
Figure 5.2 [21].  
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Figure 5.2: (a) Cyclic voltammagrams of a mesoporous gold wire electrode in 1M 
perchloric acid. (b) Nyquist plot of electrochemical impedance spectroscopy 
measurements on the mesoporous gold wire in varying concentrations of perchloric acid. 
(c,d) Bode admittance and phase angle plots, respectively, of data presented in (b) versus 
frequency. The solid lines in b, c and d represent the de Levie model fit to experimental 
results. (Adapted from [21]) 
 
It is important to note that the de Levie model is an oversimplification of real 
systems. The model assumes only double-layer capacitance (no Faradaic processes) and 
uniform, cylindrical pores. Keiser et al and others addressed this limitation [22-24]. 
Examples of the effect of pore structure on the impedance response of an electrode are 
shown in Figure 5.3.  
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Figure 5.3: Plot of the calculated response of various pore structures to electrochemical 
impedance spectroscopy measurements. (Adapted from [25]) 
 
 
5.2 Experimental  
5.2.1 Preparation of poly(styrene) colloidal assemblies 
 A sedimentation method was utilized for the fabrication of poly(styrene) 
colloidal assemblies [14,15]. In a typical sedimentation, 0.1 mL of 0.1 vol% poly(styrene) 
latex (466 nm diameter) colloidal suspension dispersed in a mixed solvent (20 vol% 
ethanol in water) was added to a transparent Tygon® tube (R-3603), which was adhered 
to a substrate, Figure 1a. The substrate was prepared by the electron beam evaporation of 
a gold film (ca. 30 nm thickness on top of ca. 2 nm chromium adhesion layer) on a silicon 
wafer. The solvent was allowed to slowly evaporate at ambient temperature overnight. 
The resulting sediment showed opalescence, which indicated an ordered assembly of 
poly(styrene) spheres, Figure 5.4.  
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Figure 5.4: (a) Schematic showing the colloid sedimentation cell. A tube was bonded to 
a gold coated substrate with an epoxy glue; the colloid solution is placed within the tube. 
(b) An SEM image of a poly(styrene) opal (lower left inset: cross section SEM image of 
the opal; upper right inset: picture of the sample showing opalescence).  
 
5.2.2 Preparation of silica inverse structures using the poly(styrene) colloidal 
assemblies as templates 
 Silica inverse structures were synthesized from the sedimentation-induced 
ordered poly(styrene) assemblies by infiltrating first with 3-mercaptopropyl 
triethoxysilane for 10 minutes in ethanol and subsequently dipping the structure into 
ethanol for 10 seconds. The colloidal crystals were them immersed within a silica 
precursor mixture, which consisted of 1.20 mL tetraethyl orthosilicate (Sigma-Aldrich), 
3.00 mL ethanol, 0.26 mL deionized water, and 0.24 mL hydrochloric acid (0.1 M, 
Showa chemical).  Samples were exposed to this solution for 1 hour to partly evaporate 
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the solvent. During this step, the voids between poly(styrene) colloids of the opals were 
infiltrated with the precursor solution through capillary action. After the silica precursor-
infiltrated poly(styrene) assemblies were removed from the precursor solution, they were 
placed into a mixed solvent (80 vol% ethanol in water) for 8~10 s. The resulting 
composite poly(styrene) opal was dried at ambient temperature overnight. Finally the 
template poly(styrene) colloidal particles were removed by soaking in toluene overnight, 
which resulted in silica inverse structures. 
5.2.3 Electrochemical deposition of porous gold materials 
 Electrodeposition into the silica inverse structures was performed in a three-
electrode cell with a Pt counter electrode and an Ag/AgCl reference electrode. The gold 
film under the silica inverse opal template served as the working electrode. The templates 
were carefully immersed into a plating solution, which consisted of an aqueous solution 
of 0.02 M KAu(CN)2, 0.05 M KAg(CN)2, and 0.25 M Na2CO3. Deposition was 
performed at -0.95 V (vs. Ag/AgCl) in a pulsed manner (5 s at -0.95 V and 5 s at 0 V). 
The silica and silver were then removed from the resultant composite structure by etching 
using a 10% by weight HF solution (caution: very toxic) for 15 min and subsequent 
etching with a concentrated nitric acid solution (caution: corrosive chemical) for 20 min 
to dissolve the silica inverse opal template and the Ag metal, respectively. The resultant 
structures were bimodally porous gold (p-Au) materials. 
 For the preparation of the compact solid gold opal (p-Au) without pores in 
spheres for a comparative study, electrodeposition into the silica inverse opal was 
conducted in a plating solution consisted of 0.02 M KAu(CN)2 and 0.25 M Na2CO3 at -
0.95V (vs. Ag/AgCl) in the same pulsed manner as the bimodal p-Au for 220 cycles. The 
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silica template was also removed by etching in 10% by weight HF. A bulk p-Au 
reference film was electrochemically deposited on the substrate without a colloidal 
assembly template using the initial electroplating solution.  
5.2.4 Characterization 
 Imaging and elemental analysis of the fabricated materials were performed 
using a field emission scanning electron microscope equipped with an energy dispersive 
X-ray spectrometer (EDX). Cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) measurements were performed using a computer controlled 
potentiostat (VMP3, BioLogic Scientific Instruments) in aqueous electrolyte solutions 
(solution details are provided in figure captions) versus 3 M Ag/AgCl reference. 
 
5.3 Results and Discussion 
 A poly(styrene) colloidal assembly deposited onto an evaporated gold 
substrate shows opalescence and a highly-ordered array of the component poly(styrene) 
colloids, Figure 1b. This poly(styrene) opal is used as a template for a silica inverse opal 
by applying a series of processes: filling with the silica precursor, sol-gel condensation, 
and poly(styrene) colloid removal, shown schematically in Figure 5.5. To prepare 
bimodally porous gold (p-Au) materials, we used a dealloying process, in which the less 
noble component of a solid solution is etched away. A gold-silver (AuAg) alloy is 
electrochemically deposited, and then the less noble silver component is selectively 
removed using nitric acid. A p-Au bulk film can be easily fabricated on an evaporated 
gold substrate by the same electrochemical alloy-dealloy process (Figure 5.6b). The 
alloy-dealloy process can be processed using silica inverse opals as templates. After alloy 
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deposition, removal of the silica template, and silver dealloying, an assembly of p-Au 
balls is obtained, which is the counterpart of the original poly(styrene) opal template 
(Figure 5.6c and d). The porous Au opal has unique bimodal porosity with small 
mesopores of ~10 nm and a large pores formed by the interstitial space of 40~100 nm. 
The p-Au opal film has a thickness of ~1.15 µm, which corresponds to three layers of 
assembled planes, as shown in the inset of Figure 5.6b. Energy dispersive spectroscopy 
reveals that the p-Au materials consist of predominantly of gold with trace amounts of 
silver.  
 
 
 
Figure 5.5: Scheme of preparation of bimodal porous gold materials via a double 
templating route. A poly(styrene) colloidal crystal deposited onto a Au film and 
subsequently infilled with SiO2. After removal of the poly(styrene) template, a Au/Ag 
alloy was electrodeposited into the void space of the silica inverse template. Finally a 
bimodally porous Au structure was formed by removal of the SiO2 template and Ag. 
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Figure 5.6: Scanning electron microscope images showing: (a) a silica inverse opal 
template (inset: cross sectional SEM image of the template); (b) a porous gold film 
obtained by electrodeposition without the use of an opal template; (c,d) low and high 
magnification SEM images, respectively, of a porous gold opal (inset: a cross section 
SEM image); (e,f) low and high magnification SEM images, respectively, of a gold opal 
(inset: a cross section SEM image).  
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Figure 5.7: Cyclic voltammagrams on porous gold film (a), solid gold opal (b) and 
porous gold opal (c) electrodes. Measurements were performed in 1 M H2SO4 at different 
scan rates.  
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Figure 5.8: (a) Cyclic voltammagrams collected on a porous gold film, solid gold opal 
and ordered porous gold opal electrodes in 1 M H2SO4 scanned at 50 mV/s. (b) A plot 
showing a magnified view of the reduction peak from the cyclic voltammagrams in (a).  
 
 Using the fabricated porous Au electrode materials, we determined 
electrochemical activity by collecting cyclic voltammograms in 1 M H2SO4, Figure 5.7. 
At positive potential scanning, the characteristic oxidation peak for gold is observed at 
~1.2 V. On reversing the scan, a characteristic peak for gold oxide reduction is observed 
at ~0.9 V for the solid gold opal, porous gold film and porous gold opal, Figure 5.7 [26]. 
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The peak intensity is shown to be the highest for the porous Au bulk film, which is 
expected due to its high surface area.  
 However, there is one notable difference depending on the nanostructure 
length scale. The oxide reduction peak varies between 0.6 and 0.9 V, Figure 5.8. The 
peak potential increases with increasing interstitial space, as p-Au film < p-Au ordered 
assembly < solid Au ordered assembly. This is comparable to the peak shift in positive 
direction with decreasing scan rate, suggesting a kinetic effect. We hypothesize that the 
interstitial space in the opal structures provides wider current paths to the porous material, 
decreasing IR voltage drop outside of the pores, and also reducing average pore length, 
which decreases internal resistance. This allows the oxide to be reduced earlier in the 
scan, resulting in a positive peak shift.  
 
 
Figure 5.9: Cyclic voltammagrams comparing the porous gold film and porous gold opal.  
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Cyclic voltammagrams were performed in sodium trifluoroacetate, Figure 5.9, a 
high resistance and non-adsorbing electrolyte, and were found to exhibit capacitive 
behavior between -0.2 and 0 V with respect to Ag/AgCl. Electrochemical impedance 
spectroscopy (EIS), performed at potentials where the electrode behavior is purely 
capacitive, provides a more direct measure of transport within the porous gold electrodes. 
EIS measurements were performed at -0.1 V with an amplitude of 100 mV, Figure 5. The 
admittance of a pure capacitor is ωC, which is observed as a line with a slope showing an 
order of magnitude increase in admittance with an order of magnitude increase in 
measurement frequency. An admittance curve with this slope indicates complete charging 
and discharging electrode electrochemical double-layer occurs on the measurement time 
scale. In Figure 5.10a, this trend is observed at low frequency for the solid gold opal 
electrode, while the p-Au film and ordered p-Au opal show this trend at low frequencies 
above ca. 0.01 Hz. The admittance becomes independent of frequency in the high 
frequency regime, implying an incomplete charge and discharge of the electrodes.  
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Figure 5.10: Bode admittance (a) phase shift (b) plotted versus frequency for porous gold 
film (black), solid gold opal (blue) and ordered porous gold opal (red) electrodes in 30 
mM sodium trifluoroacetate.  
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Figure 5.11: Plot of the measured electrode resistance as a function of electrolyte 
concentration for a porous gold film and porous gold opal.  
 
 Electrochemical impedance spectroscopy measurements on the p-Au film and p-
Au opal were performed at different concentrations of the sodium trifluoroacetate 
electrolyte. The data was then fitted with the de Levie transmission line model, 
previously developed for comparison to porous gold electrodes [21]. The external or 
solution resistance of both the p-Au film and p-Au opals electrodes matched, which is 
expected since the distance between the working and counter electrodes was help 
constant. A significant decrease in the internal resistance was observed for the p-Au opal 
electrodes when compared to the p-Au film electrode, Figure 9. At 10 mM electrolyte, a 
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factor of ca. 4 decrease in the electrode internal resistance is observed for the p-Au opal 
relative to the p-Au film. The p-Au opal displays a 3-fold decrease in internal resistance 
at 30 and 100 mM electrolyte concentrations. An equivalent circuit diagram was 
developed to explain these results, Figure 5.12. 
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Figure 5.12:  (top) Plots of admittance and phase as a function of measurement 
frequency for porous gold opals (black) and the equivalent circuit model to describe the 
bimodal porous electrode behavior (blue). (bottom) Schematic of the equivalent circuit 
model used to describe the porous gold opal electrochemical behavior.  
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The equivalent circuit model that was developed to explain the electrochemical 
behavior of the p-Au opals is a modification of the de Levie model for electrodes 
containing long pores. The model contains two lossy transmission lines running in 
parallel to represent the bimodal pore network, as shown in Figure 5.12. The significant 
reduction in the electrode internal resistance is due to the larger, interstitial pore space. 
These pores provide an internal store of electrolyte within the electrode, which, upon 
charging, can enter the smaller mesopores to contribute to charging. Additionally, the 
electrode consists of an assembly of porous gold colloids, which shortens the mesopore 
length.  
 
 
5.4 Conclusions 
A novel hierarchically structured material, porous opal, was prepared using a 
colloidal crystal template and the dealloying of silver from gold and possed porosity on 
length scales range from 10s of nanometers (due to the colloidal crystal template) down 
to ca. 10 nm (due to dealloying). The transport properties of the material were studied 
using cyclic voltammetry and electrochemical impedance spectroscopy. The porous opal 
was found to posses enhanced charge transport properties relative to a unimodal porous 
gold film and a higher surface area than a gold opal. An equivalent circuit model was 
presented to explain the enhanced charge transport properties. 
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CHAPTER 6 
FABRICATION OF SPHERICAL NANOCAVITIES:  
A λ-BACTERIOPHAGE BIOMIMETIC SYSTEM 
6.1 Introduction 
6.1.1 Viral Capsids 
 
Viral capsids consist of a genetic payload, RNA or DNA, contained within a 
protein shell [1, 2]. Viral capsids are remarkably robust, considering the proteins forming 
the capsid shell are held together by hydrophobic, electrostatic and hydrogen bonding 
forces [1]. The pressure difference across the capsid shell in λ-bacteriophages is predicted 
to be as high as 50 atm when filled with double-stranded DNA (dsDNA) [1, 3, 4]. The 
structure of a λ-bacteriophage consists of a long tail, tail fibers, a neck, and a head, Figure 
6.1b. In nature, the high pressure loading is necessary such that the virus can deliver its 
payload into the cell cytoplasm, shown schematically in Figure 6.1a. Experimentally, the 
ejection of dsDNA from λ-bacteriophages can be suppressed by osmotic pressures, of 
poly(ethylene glycol) (PEG) of 20 atm [1, 4, 5]. The biological reason for such high 
pressures is to ensure the injection of genetic information into the cytoplasm of a host cell. 
It was also shown that the ejection of dsDNA was inhibited by 50% at osmotic pressures 
similar to that of the cytoplasm, ca. 8 atm [4]. The large pressure differential across 
capsid shells has sparked interest in studying the confinement of DNA and how nature 
overcomes the pressure differential to package the genetic information.  
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Figure 6.1: (a) Schematic showing the attachment of a λ-bacteriophage attach to a 
bacteria cell membrane and injecting its genetic payload into the host. (b) TEM image 
showing the structure of a λ-bacteriophage. (Adapted from [1, 6]) 
 
The physical reason behind the high pressures of DNA within viral capsids is the 
loading of a tremendous amount of DNA. If one assumes a capsid with a 40 nm diameter, 
the volume available to package genetic information is ca. 3x10
4
 nm
3
. It is commonly 
accepted that approximately 1000 nucleotides are necessary to serve as code for a 30 kDa 
protein, assuming 3 nucleotides code 1 amino acid with a molecular weight of 100 Da. 
Given that a nucleotide weighs ca. 330 Da, this 1000 base sequence weighs ca. 330 kDa. 
If a maximum density of 1 g/cm
3
 is assumed, approximately 20 MDa of DNA or 50 
genes can be packaged within the 40 nm diameter capsid [7]. Figure 6.2 presents 
simulation results of the packaging of DNA within a capsid and a TEM image showing 
the DNA from a ruptured capsid.  
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Figure 6.2: (a) Results of a simulation showing the packing of DNA within a viral capsid. 
(b) TEM image showing a bacteriophage that spilled its DNA payload onto the TEM grid. 
(Adapted from [2, 7]) 
 
6.1.2 Polymer confinement 
 As discussed in Chapter 1, polymer physics and, more specifically, polymer 
confinement in 1-, 2- and 3- dimensions involves a competition between the enthalpy and 
entropy in order to determine the free energy of the polymer system [2, 8]. Figure 6.3 
shows a plot of the free energy of confinement as a function of the amount of 
compression (Rg/R) for a polymer under planar (Figure 6.3b), cylindrical (see Figure 1.17) 
and spherical (Figure 6.3c) confinement. Significant effort has been extended to study 
polymer confinement [9-15], which has impacted the development of novel methods for 
polymer separation [16] and DNA sequencing [17, 18]. Additionally, studies of polymer 
confinement have enhanced the understanding of biological processes.  
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Figure 6.3: (a) Plot of the normalized free energy (note: β = (kT)-1) versus the 
normalized radius of gyration, where R is the degree of confinement. (b) Illustration of a 
polymer under planar confinement. (c) Schematic showing a polymer under spherical 
confinement. (Adapted from [8, 15]) 
 
6.1.3 Polymer translocation 
 Polymer translocation through nanometer scale pores is an important process in 
biology and has attracted significant attention in recent years [17, 19-28]. Recent interest 
has been focused on utilizing nanopores as ultrafast sensors to read the sequence of DNA 
as it passes through the pore [20]. Figure 6.4a and b show a schematic of electric field 
driven polymer translocation through a pore and a schematic of focused ion beam drilling 
of nanopores in a membrane, respectively. A TEM image of a nanopore is shown in 
Figure 6.4d. The process involves the measurement of changes in the flow of ionic 
current through the pore in order to detect the passage of the DNA, Figure 6.4c.  
 Biological nanopores in membranes are useful tools for study; however, this set of 
pores possesses the disadvantage of being extremely sensitive to environmental 
conditions, which limits utility. Nanopores fabricated in inorganic materials are robust 
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and compatible with various materials [20]. Generation of nanopores in inorganic 
materials can be done with either electron or ion beams, schematically shown in Figure 
6.4b. Nanopores created by electron or ion beams limit the confinement geometry to 2-
dimensional; although typically, the nanopore length (membrane thickness) is small 
enough that only a few monomers are confined at any given time.  
 
 
Figure 6.4: (a) Conceptual image of polymer translocation through a pore driven by and 
electric field. (b) Schematic showing focused ion beam milling of a pore in a membrane. 
(c) Ionic current measured over time. The spikes or drops in ionic current in the plot 
show translocation events. (d) TEM images of silicon oxide nanopores formed within a 
transmission electron microscope. (Adapted from [20, 29]) 
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6.2 Experimental 
6.2.1 Nanocavity fabrication 
 Silica colloids were synthesized by the Stober method [30-32]. The colloids were 
dispersed into isopropanol (<0.002% by volume) and were spin coated onto 22 mm X 22 
mm glass coverslips (cleaned by a 5-10 second dip in 10% hydrofluoric acid) at 2000 
rpm. The colloids were then sintered to the coverslips for 3 hours at 500°C. At least 20 
nm of hafnium oxide was deposited onto the samples by atomic layer deposition. After 
deposition, each sample was checked by eye to determine if the deposition coated the 
backside of the coverslip; if an open area on the coverslip was not observed, the sample 
was discarded. The samples were then heat treated for 5 hours at 500°C to crystallize the 
hafnium oxide. The atomic layer deposition and subsequent heat treatment was repeated 
once to fill any cracks that may have formed during the initial heat treatment step. 
Approximately 130 nm of indium tin oxide (ITO) was then sputter coated onto the 
hafnium oxide layer (note: the ITO was sputter coated at an angle to ensure coating of the 
spherical colloids). The samples were then heat treated at 500°C for 30 minutes in air to 
reduce the resistance of the ITO films.  
 After the final heat treatment step, the samples were then attached to 18 mm X 18 
mm coverslips using Norland Optical Adhesive 63 (NOA 63), as shown in Figure 6.6, 
and cured using ultra-violet light for 60 minutes. A 1 cm length of Tygon tubing was then 
attached to the exposed surface (side opposite the silica colloids) of the 22 mm x 22 mm 
coverslip using a two part epoxy (note: the tubing was attached to a region that was not 
masked by the hafnium oxide etch barrier). The seal on the epoxy was verified with DI 
water. The samples were then etched using a 10% hydrofluoric acid solution for 
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approximately 3.5 hours. The exact etching time was determined by observing the 
etching of a control coverslip that underwent the same heat treatment steps described 
above. The hydrofluoric acid solution was replaced at 1 hour time intervals. The samples 
were etched for an additional 30 minutes after the control coverslip etched through. After 
etching, the samples were rinsed with Millipore water at least 3 times and were left 
immersed in Millipore water until they were supercritically dried to prevent cavity 
collapse due to the surface tension of water.  
 Atomic layer deposition of aluminum oxide was then performed in order to limit 
the opening size. The number of cycles was determined by an SEM measurement of the 
opening size and comparing the opening radius to an assumed deposition rate of 1 
Å/cycle. The top electrode is then deposited using electron beam evaporation of 
chromium (ca. 2 nm) and gold (ca. 25 nm). Finally, the nanocavity opening is reduced 
further and the top electrode is masked by aluminum oxide atomic layer deposition (note: 
the final aluminum oxide deposition was always performed such that at least 15 nm had 
to be deposited to achieve the desired opening size).  
Finally, a poly(ethylene glycol) brush was attached to the alumina to prevent 
polymer physisorption. The brush was composed of 2-[methoxy(polyethylenoxy) propyl] 
trimethoxy silane, PEG-Si, (Gelest, Inc.) and was grafted to the nanocavity devices by 
vapor deposition at 150°C, as shown in Figure 6.5. After vapor deposition, the samples 
were rinsed in water and ethanol to remove excess PEG-Si. 
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Figure 6.5: Illustration of the vapor deposition chamber used to deposit 2-
[methoxy(polyethylenoxy) propyl] trimethoxy silane onto the device surface.  
 
6.2.2 DNA translocation 
 DNA translocation experiments were performed with the DNA lengths and 
concentrations as provided in the figure captions. In a typical experiment, 15 base dye-
labeled ssDNA (IDT DNA) was dissolved to a concentration of 10 mM in a 50 mM PBS 
solution with 250 to 500 mM NaCl. A bias of up to 0.9 V was applied across the top and 
bottom electrodes of the device to drive the DNA into or out of the cavities.  
6.3 Results & discussion 
 Nanopores in inorganic membranes are an interesting class of devices; however, 
they are limited to studies of polymer confinement in 2-dimensions. To study the 
confinement of DNA in 3-dimensions experimentally, model λ-bacteriophages were 
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designed and fabricated, as shown schematically in Figure 6.6. Silica colloids were used 
as templates for the λ-bacteriophage heads. The colloids were spin coated onto glass 
coverslips and sintered at 500°C for 3 hours. Hafnium oxide was then deposited using 
atomic layer deposition, ALD, and crystallized to later serve as an etch barrier. A second 
coating of hafnium oxide was deposited to ensure no cracks formed within the etch 
barrier. Indium tin oxide, ITO, was sputter coated onto the HfO2 coated colloids and heat 
treated to improve the conductivity; the ITO served as a transparent electrode. Norland 
Optical Adhesive 63, a transparent, nonfluorescent adhesive, was then used to bond a 
second coverslip to the ITO layer. The device was then inverted, and a 2-part epoxy was 
used to bond a mask to the top coverslip in order to selectively etch open the nanocavities 
in a small region of the device. After etching and mask removal, aluminum oxide ALD 
was performed to control the pore size (verified by SEM). Chromium and gold were 
deposited to serve as a counter electrode and to block the fluorescence from the bulk 
solution. Aluminum oxide was again deposited using ALD to mask the counter electrode 
from solution, as shown schematically in Figure 6.6. Figure 6.7 presents SEM images 
showing the progressive reduction in nanocavity opening size during processing. Finally, 
a poly(ethylene glycol) brush was attached to the topmost aluminum oxide layer to 
prevent physisorption of the polyelectrolytes from solution. Confocal laser scanning 
microscope (CLSM) and SEM cross sections of a finished nanocavity device is shown in 
Figure 6.8.  
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Figure 6.6: Scheme for the synthesis of the nanocavity devices. Silica colloids are spin 
coated onto a coverslip and annealed. HfO2 is then deposited on to the silica colloids and 
annealed, followed by ITO deposition. NOA is then used to attach a second coverslip to 
serve as a back support for the device. The device is then etched to open the nanocavities, 
alumina deposited to control the channel size, Cr/Au to serve as a counter electrode, and 
alumina deposited to isolate the Cr/Au from solution. 
 
 After etching, the nanocavity opening was found to relate directly to the sintering 
time. It was found that a sintering time of 3 hours at 500°C fixed the colloids to the 
coverslip surface while maintaining a small contact area such that, after etching, the 
nanocavity opening remained small. Figure 6.7a shows as etched nanocavities templated 
with ca. 250 nm colloids. The initial opening size is approximately 80 nm in diameter. 
After 260 cycles of aluminum oxide atomic layer deposition at a rate of ca. 0.12 nm/cycle, 
the openings were reduced to approximately 20 nm, Figure 6.7b. Deposition of the Cr/Au 
top electrode was found to have no effect on the opening size, Figure 6.7c, which is 
expected due to the directional nature of electron beam evaporation. The final atomic 
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layer deposition step reduced the opening to less than 10 nm, Figure 6.7d. A cross section 
SEM image of a nanocavity is shown in Figure 6.8; the length of the cavity opening is 
approximately 70 nm after all the atomic layer deposition steps.  
 
 
Figure 6.7: SEM images showing nanocavity openings at various processing steps: (a) 
after etching through the coverslip and removing the SiO2 colloid templates; (b) after 
reducing the opening size with aluminum oxide atomic layer deposition; (c) after 
deposition of the Cr/Au top electrode; (d) after aluminum oxide atomic layer deposition 
to further reduce the opening size and to mask the top electrode from solution. (Note: the 
nanocavities in this image were templated by ca. 250 nm colloids.) 
 
 After treatment with PEG-Si, the nanocavities were exposed to an aqueous solution 
containing dye-labeled DNA. A confocal laser scanning microscope (CLSM) cross 
sectional image is shown in Figure 6.8. The bottom electrode, etch barrier and NOA 63 
are all transparent, allowing imaging through the device. However, the top electrode 
successfully blocked fluorescent light from the bulk solution, Figure 6.9, such that it 
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could not overwhelm any fluorescent light due to DNA within the nanocavities.  
 
Figure 6.8: Confocal cross section of a nanocavity device immersed in a dye-labeled 
ssDNA solution (15 base ssDNA labeled with hexachlorofluorescein in PBS, pH = 7, 
with 500 mM NaCl). Inset: SEM cross section of an individual nanocavity.  
 
 
Figure 6.9: Transmission versus wavelength for a nanocavity device overlaid with the 
emission wavelengths of common fluorescent dyes.  
 
 Exposure of the nanocavity devices to dye-labeled single-strand DNA (ssDNA) 
verified that the nanocavities were open to solution. Reflection and fluorescence light 
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microscope images show nanocavities filled with dye-labeled molecules, Figure 6.10a. 
Upon rinsing of the devices, fluorescence was not observed, indicating that the grafted 
PEG layer prevented DNA physisorption.  
 
 
Figure 6.10: (a) Representative fluorescence image of ca. 150 nm nanocavities exposed 
to 10 mM ssDNA in 500 mM NaCl. (b, c) Plots of fluorescence intensity (arbitrary units) 
versus time for the circled nanocavities in (a). The bias across the device was adjusted 
with time to be off from 0-3 minutes, +0.4 V from 3-8 minutes, -0.4 V from 8-13 minutes 
and +0.4 V from 13-18 minutes. The plots correspond to the upper (b) and lower (c) 
circled cavities in (a).  
 
 Application of an electric field across the top and bottom electrodes resulted in 
electrophoretic motion of the DNA. A plot of the electric field lines overlaid onto a 
schematic nanocavity is shown in Figure 6.11. The electric field lines show that the field 
drawing DNA from bulk solution to the device surface is only present at the cavity 
opening and does not extend far into solution. Figure 6.10b and c show plots of 
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fluorescence intensity of two nanocavities that undergo changes in applied electric field 
over time. It was found that the DNA could be pulled into and pushed out of the 
nanocavities with applied potential.  
 
Figure 6.11: A plot of the electric field lines (vector lengths scaled to unity) around a 
nanocavity. The axes show position relative to the center of an individual nanocavity.  
 
To study the confinement of DNA, long strands of DNA with long persistence 
lengths must be utilized to ensure interaction of the polymer with the cavity walls. 
Double-stranded plasmid DNA was selected as the polymer probe for this investigation, 
and the devices were appropriately redesigned. Studying confinement of several thousand 
base long plasmid DNA within nanocavities required increasing the size of the 
nanocavities through the SiO2 colloidal template in order to control the free energy of 
confinement of the DNA, Figure 6.12.  
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Increasing the size of the colloids used to template the nanocavities introduced 
several complications. The sintering conditions varied such that, after etching, openings 
of ca. 300-500 nm were obtained. Various sintering times were explored; however, it was 
found that using ca. 1.2 μm colloids to template the nanocavities, such increasing the 
number of atomic layer deposition cycles to control the opening size, worked best. It was 
found that during etching the hydrofluoric acid would leak between the coverslip and 
NOA 63 layer. Presumably, this was due to the formation of cracks in the etch barrier 
during the crystallization step. This issue was addressed by a second hafnium oxide 
atomic layer deposition and crystallization step, as described in the experimental section. 
After etching the nanocavities, it was found that the cavity opening collapsed consistently, 
most likely due to capillary forces during evaporation of solvent. This problem was 
addressed by the supercritically drying the devices. Figure 6.13 shows SEM images of 
focused ion beam cross sections of nanocavities templated by ca 1.2 μm colloids.  
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Figure 6.12: Confinement energy versus nanocavity size and plasmid dsDNA length, 
assuming a persistence length of 50 nm.  
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Figure 6.13: (a) Top view SEM image of nanocavities templated by ca. 1 μm colloids. (b) 
Focused ion beam cross section of a nanocavity templated by a colloidal trimer. (c) 
Focused ion beam cross section of a nanocavity.  
 
6.4 Conclusions 
 A biomimetic system for studying the translocation of polymers through a 
channel and into a spherical cavity was developed based on inspiration from the λ-
bacteriophage. The nanocavity system was synthesized using two template length scales: 
250 nm and 1.2 μm. Fabrication challenges that arose when using 1.2 μm colloidal 
templates were addressed, and the system was optimized for confinement studies of 
plasmid dsDNA. The next step in this work is the study of dsDNA translocation into the 
nanocavities and subsequent 3-dimensional confinement.  
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CHAPTER 7  
CONCLUSIONS 
 
A general strategy for the encapsulation of an active biomolecular species within 
the ZnS mesoporous hollow spheres was presented and implemented. Both the activity of 
the encapsulated soybean peroxidase and the size-selective transport through the wall of 
the MHS were verified through the use of a commercially available fluorogen, hydrogen 
peroxide, and sodium azide. Additionally, the protection of the encapsulated soybean 
peroxidase was shown through size-selected exclusion of papain, a protease enzyme. The 
mesoporous hollow sphere system introduces size-selectivity to catalyzed chemical 
reactions.  
Programming the permeability of mesoporous hollow spheres was accomplished 
through swelling of the hydrophobic regions of the lyotropic liquid crystalline template. 
The hydrophobic regions in the soft template control the formation of mesopores in the 
ZnS shells. The change in permeability of 2.5 nm mesopores was contrasted to that of 4.1 
nm mesopores using fluorescently tagged ssDNA probes. The mesoporous hollow sphere 
system introduces programmable size-selectivity to control access to encapsulated 
species.  
 Electroless plating and cation exchange were explored as methods to vary the 
shell material of mesoporous hollow spheres. Mesoporous Ni hollow spheres were 
obtained by the reduction of Ni
2+
 with dimethylamine borane onto a polystyrene core. 
However, the resultant particles were deformed by polymer swelling during dissolution 
of the polystyrene. To successfully obtain undeformed MHS, a silica core must be 
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utilized; one possible route to explore, in order to reach this goal, is the surface 
chemistry/ligand effects on Ni
2+
.  Cation exchange was performed in order to obtain CuS 
MHS; however, it proved an unsuccessful route to PbS, S and HgS. CdS-ZnS, Bi2S3 and 
Ag2S MHS were obtained only with significant defects. The formation of CuS MHS 
should be optimized in further study; the use of chelating agents to effectively make the 
Cu
2+
 cations less available for immediate reaction, which will effectively slow the 
reaction rate. Future directions for the mesoporous hollow sphere system may include 
investigating pore wall chemical functionalization for transport gating and encapsulation 
of template dsDNA strand and T7 polymerase enzymes for siRNA synthesis.  
A novel electrode was fabricated using a colloidal crystal template and the 
dealloying of silver from gold and possed porosity on length scales range from 10s of 
nanometers (due to the colloidal crystal template) down to ca. 10 nm (due to dealloying). 
The transport properties of the material were studied using cyclic voltammetry and 
electrochemical impedance spectroscopy. The porous opal was found to possess 
enhanced charge transport properties relative to a unimodal porous gold film and a higher 
surface area than a gold opal. An equivalent circuit model was presented to explain the 
enhanced charge transport properties. The potential of this system for device application 
should be investigated utilizing carbon electrodes with multiple length scales of porosity.  
 A biomimetic system for studying the translocation of polymers through a 
channel and into a spherical cavity was developed based on inspiration from the λ-
bacteriophage. The nanocavity system was synthesized using two template length scales: 
250 nm and 1.2 μm. Fabrication challenges that arose when using 1.2 μm colloidal 
templates were addressed, and the system was optimized for confinement studies of 
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plasmid dsDNA. The next step in this work is the study of dsDNA translocation into the 
nanocavities and subsequent 3-dimensional confinement.  
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